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ABSTRACT 


A simplified type of vacuum spectrometer utilizing a plane glass grating with 250 
lines per mm was used to measure the wave-length of the Ka line of carbon. A 
water-cooled metal x-ray tube with tungsten cathode was connected directly with 
the spectrometer without the interposition of any absorbing screen in the x-ray beam. 
The measurements were made under varying conditions. The angle of incidence 
being varied from 20’ to 50’ and the distance from grating to plate from 50 cm to 80 
cm. A weighted mean of all determinations gives the wave-length of the Ka line of 
carbon as 45.4A. 


INTRODUCTION 


ITHIN the last year the extension of the diffraction grating method 
to soft x-rays has led to the measurement of a number of soft x-ray 
wave-lengths. The region investigated lies in the gap previously existing 
between the soft x-rays and the extreme ultra-violet. The gap between 
27A and 136A has been worked on by Hunt! and by Thibaud,? using the plane 
grating, and by Osgood* using a concave grating. Dauvillier* using a fatty 
acid crystal has also made some measurements in the same region. The 
theory of using a line grating at grazing incidence with the x-rays striking 
within the angle of total reflection was first given by A. H. Compton.® 
Unfortunately the results obtained by the investigations above referred 
to are not concordant, a variation of from 0.2A to 2A occurring on some 
of the lines. The wave-length of the Ka carbon line, for example, varies 
from 43.96A according to Osgood to 46.0A according to Hunt. Dauvillier 
obtained 45.5A while Thibaud gives 44.9A. Since, because either of grease 
vapors or residual gases, this line appears on nearly all plates irrespective 
of the material of the cathode or anti-cathode, it makes a very good line 
to be used for reference or standardization purposes. It therefore seemed 
advisable to determine with some care the wave-length of the Ka carbon 


1 Hunt, Phys. Rev. 30, 227 (1927). 

2 Thibaud, Phys. Zeits. 29, 241 (1928). 

* Osgood, Phys. Rev. 30, 567 (1927). 

* Dauvillier, Jour. d. Physique 8, 1 (1927). 

5 A. H. Compton, Phil. Mag. 45, 1121 (1923); Proc. Nat. Acad. Sci. 11, 598 (1925). 
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line. This has been done with a new form of vacuum spectrometer as a 
preliminary to a more extended investigation and is reported in this 
paper. 


APPARATUS 


The apparatus is shown in Fig. 1. A brass tube 120 cm long and 11 cm 
in diameter was threaded at both ends. A brass cap C was screwed on one 
end and then waxed, while to the other end was fastened an ordinary 
T-casting A. The whole was then silver-plated to help prevent the emission 
of occluded gases. Both cathode and anti-cathode were fastened to the 
center of brass disks which were sealed to the side arms of the T with wax. 
The anticathode of copper was internally water-cooled. The angle on the 
face was about 10°. The cathode was made of heavy copper tubing and had 
a current-carrying capacity of 25 amps. It was externally water-cooled. 
A shield B was affixed to the cathode in order to place the first slit in the 
optical shadow of the filament. A heavy tungsten filament using about 
15 amps. was placed 1 cm from the anti-cathode. Oxide filaments were tried 
but were discarded because the coatings disintegrated too rapidly under the 
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Fig. 1. Diagram of apparatus. 


positive ion bombardment. The voltage for the x-ray tube was obtained 
from a 2000 volt d.c. generator. Transformers giving a R.M.S. voltage 
of 4400 were also used but did not give any better results than the generator 
and caused trouble by producing arcs in the tube. 

The whole apparatus was evacuated by two stages of mercury diffusion 
pumps backed by a rotary oil pump. A vacuum of 0.0002 mm could be 
maintained during the operation of the x-ray tube. 

An optical bench, one meter long, of heavy steel was made to carry the 
elements of the spectrometer. This was inserted at the C end of the ap- 
paratus. The front platform D carried the slit system and the grating. The 
distance apart of the slits was 18 cm. The slit width was adjustable being 
usually from 0.2 mm to 0.3 mm. The slit S; fitted snugly against a brass 
disk, with a rectangular opening in it, which closed the end of the spec- 
trometer tube. There was a system of diaphragms between S; and S; to 
exclude visible light from the spectrometer. 

The grating was mounted immediately behind the second slit. It could 
be adjusted and locked in any position. The grating was of glass and had 
250 lines per mm. The constant was measured using the 5461A line of 
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mercury. This determination was certainly more accurate than the rest of 
the experiment. The aperture of the grating was 5 mm and it was ruled up 
to each edge. Larger aperture gratings were tried but had a tendency to 
broaden the lines and to make the location of the effective center of the 
grating more difficult. The angle of incidence varied from 25’ to 50’. The 
plate holder K could be moved along the platform and clamped in any 
position. It consisted of a light-tight box with a hinged iron lid on the front. 
The lid could be raised or lowered by means of an electromagnet outside the 
tube, an arrangement permitting the tube to be cleaned without fogging 
the plate. Distances from grating to plate of from 50 to 80 cm were ordinarily 
used. 

Several kinds of plates were tried. Oiling of the plates was found un- 
necessary. Eastman Kodak Co. No. 36, a fairly fast plate, was found to be 
most satisfactory. Contrast plates with contrast developer gave less fogging 
but also less line intensity. 


PROCEDURE 


The ordinary formula »\=D(sin i+sin @) used for the plane grating 
may be modified to nX=Da(a+20)/2 for tangent incidence. Since that 
portion of the direct beam passing by the grating and also the reflected beam 
are of considerable width care must be exercised in the method of measuring 
the plate. Suppose in Fig. 2 that AC represents the width of the direct beam 
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Fig. 2. 


in the absence of the grating. On interposing the grating, part of this beam 
is cut off and only the part BC will remain. The portion cut off by the grating 
will be reflected to DE and diffracted to F. The maximum width of the 
diffracted line for plate distances D up to 60 cm was 0.03 cm. Measurements 
were made to the center of this line. For the large plate distances the width 
of BC and DE became as great as 0.09 cm. Since it was necessary to measure 
the distances on the plate between direct, reflected and diffracted beam to 
at least 0.01 cm in order to obtain the wave-length within 0.2A the need 
for care in choosing the proper place in the direct and reflected beam from 
which to measure is evident. 
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An inspection of Fig. 2 will show that the portion of the direct beam AB 
which is cut off by the grating face is reflected to DE. The widths AB and 
DE are consequently equal. Thus the angle 2@ can be found by measuring 
the distance BE with a comparator since the edges of both the direct and 
reflected beam are sharp and since the distance D is known. The width of 
the reflected beam was also measured with a comparator. Both above 
measurements could be repeated to 0.001 cm. 

The distance D was measured from the center of grating to the plate. 
Since the grating had a 0.5 cm aperture the maximum error in the measure- 
ment of this distance for D=50 cm was 1/2 percent. Obviously this per- 
centage was less for the greater distances. The percentage error in D was 
probably considerably less than this since an error of 1/2 percent assumes 
that the effective “center” of the grating was at either of the two edges. 

The angle a was measured from the center of the reflected beam to the 
center of the diffracted. Whenever possible this was done with a comparator. 
Frequently, however, the diffracted lines were too weak to stand the mag- 
nification of the comparator. In these cases the plate was fastened to a glass 
scale etched to 0.1 mm and the image of the one superimposed on the other 
was thrown on a screen by a projection lantern. This made a convenient 
method for measuring the distance GF to within 0.01 cm. The error in the 
computation of each plate by the above method of measurement should not 
be in excess of 0.2A. The mean value of a group of plates under varying 
conditions should give a wave-length value even closer than this. 


RESULTS 


While other lines (several of which have been measured) appear on many 
of the plates beside the Ka carbon line, they are not reported on in this 
paper. The iron line appears frequently. This is no doubt due to the use 
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Fig. 3. Reproductions of spectra. 


of steel screws for holding the hot filament in place. Although a copper 
anti-cathode was used, the copper lines do not appear on the plate. The 
copper wave-length is so short (13.3A) that it would fall in that portion of 
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the plate fogged by visible light. Moreover, after a short time the anti- 
cathode was covered by a film of tungsten and other impurities. A covering 
of graphite was placed on the anti-cathode but did not increase materially 
the intensity of the carbon lines. In this work the carbon line always ap- 
peared if there was any other line present. 

Exposures of as long as six hours were used for the large plate distances. 
With a plate distance of 30 cm from two to three hours sufficed. The usual 
plate current was about 40 milliamps. although this was run up to 90 milli- 
amps. occasionally. 

In Fig.3 reproductions of plates No.42,48,51,54 areshown. The originals 
naturally show more detail than the reproductions. In the plates shown the 
lower half of the field was covered by carbon paper. There is a noticeable 
scattering and broadening of the x-ray beam on some of the plates due to 
this. However, on practically all the original negatives it was possible to 
locate the edges of the direct and reflected x-ray beams in the upper portion 
of the plate where the direct and reflected light appears. The lines on the 
plates taken with D=80 cm were too weak for reproduction but could be 
measured. 

Table I gives the operating conditions for each of the plates. They were 
all taken with 2000 v. on the anti-cathode. 


TABLE I. Operating conditions for each plate 











Plate 
Plate No. D e Exposure Current r Weight 
(cm) (hrs) (milliamps) 

42 50 33 3 45 45.2 3 
43 50 33 3 35 45.3 1 
44 81 30 5 40 45.4 2 
45 81 32 6 55 45.5 1 
46 50 33 3 40 45.4 2 
47 50 27 3 40 45.4 2 
48 50 45 4.5 45 45.5 2 
50 60 51 5.5 25 45.4 3 
51 60 51 6 50 45.3 ¥ 
52 60 25 6 55 45.5 3 
54 30 60 3 45** 








* Transformer at 4400 V. 

** Plate distance too small to make accurate calculation. 

A weighted mean of 11 observations give the value of the wave-length of 
the Ka carbon line as 45.4A. The weights were assigned by giving those 
with the greater plate distances wider dispersion and finer lines a value of 
3 and the others a value of 2 or 1 depending on how they met the above 
conditions. 

In conclusion, the author wishes to express his thanks to Dr. C. B. 
Bazzoni under whose direction this work was undertaken and carried through 
and who has given several valuable suggestions. 

RESEARCH SECTION RANDAL MorRGAN LABORATORY OF PHYSICS, 


UNIVERSITY OF PENNSYLVANIA, 
July, 1928. 














VOLUME 32 





NOVEMBER, 1928 PHYSICAL REVIEW 





TOTAL REFLECTION OF X-RAYS FROM NICKEL FILMS 
OF VARIOUS THICKNESSES 


By Hrram W. Epwarps 


ABSTRACT 


The total reflection of x-rays (A=0.707A) is obtained from mirrors of sputtered 
nickel films having thicknesses from 0 to 3.3 10-' cm. The measured critical angles 
were found to vary from a minimum value of 0.0016 radians, that of blank glass, to 
a maximum value of 0.00339 radians, which was obtained from the thickest nickel 
film. A satisfactory agreement between the maximum experimental value of the 
critical angle and that calculated by the Lorentz dispersion formula in which the 
density of nickel was placed at 8.75 gm/cc, is used as evidence for concluding that 
the density of the nickel is entirely normal and also that the thickness of sputtered 
metal films which are to be used in x-ray reflection phenomena must be sufficiently 
large or misleading results may be obtained. The critical angle from a thick silver 
sputtered mirror was found to be identical with that obtained from a chemically 
prepared silver mirror which indicates that the density of silver is independent of the 
method of deposition. 


HE total reflection of x-rays from flat surfaces of glass, quartz and from 

metals has been investigated by several individuals.! From measure- 
ments made of the critical angles from these surfaces the index of refraction 
for x-radiation of differing frequencies has been determined. It has also 
been shown that the Drude-Lorentz dispersion formula may be-used for cal- 
culating the index of refraction provided that the frequency of the incident 
radiation is not close to the critical absorption frequency limits of any of 
the electrons in the reflecting surface. 

In a recent article,? Stauss describes his work with sputtered films of 
nickel, silver and platinum, and gives results from which he concludes that 
the densities of the nickel and platinum in the sputtered films must have 
values (4.13 and 5.44 gm/cc for nickel and 14.1 gm/cc for platinum) which 
are far below their normal values. In partial corroboration with these results 
he refers to the work of Hanawalt and Ingersoll’ who report an increase in 
the lattice constant of nickel in nickel sputtered films, and hence, a decrease 
in the density. The results of Hanawalt and Ingersoll are not quantitatively 
in agreement with those of Stauss. 

The writer has undertaken to measure the critical angles of several nickel 
sputtered films which were prepared so that the thickness of the films ranged 
from a very small value to one of considerably greater value. The amount 
of metal upon the thinnest film was so little that it was scarcely noticeable 
on the flat glass surface. The thickest film was entirely opaque to intense 
sources of visible light. 


1 Compton, Phil. Mag. 45, 1121 (1923); Linnik and Loscharew, Zeits. f. Physik 38, 659 
(1926). 

2 Stauss, Phys. Rev. 31, 491 (1928). 

* Hanawalt and Ingersoll, Nature 119, 234 (1927). 
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The critical angle for each film was measured by an x-ray reflection 
apparatus, a description of which appears elsewhere.‘ In this apparatus very 
long optical paths were provided which reduced the errors in determining 
the critical angle to values which are less than one percent. 

The radiation used was from a water-cooled molybdenum tube which was 
operated at about 45000 volts. The Ka lines were sufficiently intense in 
comparison with the general radiation to render unnecessary the use of a 
crystal for providing monochromatic radiation. 

The experimental values of the critical angles from the several nickel 
films together with the one from an unsputtered glass mirror, are tabulated 
below. The films were all sputtered in air as a residual gas. For the sake of 
indicating the relative thicknesses of the films the duration of the sputtering 
time (in minutes) is included. The conditions under which the sputtering 
took place were maintained as nearly constant as possible, and hence one 
may assume that the deposit of metal was proportional to this time of 
sputtering. The thickest of the films was weighed with a probable error of 
about 10 percent. 


TaBLE I. Variation of Critical Angle with Surface Density of Nickel Films. 











Time of Critical Surface Density 
Mirror No. Sputtering Angle (mgm per cm?) 
(min.) (radians) 

1 0 0.00160 0.0 

2 10 0.00266 0.036 
3 15 0.00272 0.054 
4 30 0.00308 0.101 
5 45 0.00333 0.163 
6 80 0.00339 0.290 


Calculated value from dispersion theory 0.00340 








Using the Drude-Lorentz dispersion formula, assuming that the density 
of the nickel was 8.75 gm/cc (which is an average of the values 8.6 and 8.9 
given by the Handbook of Chemistry and Physics, published by the Chemical 
Rubber Publishing Co.) and including the critical Ka absorption frequencies 
for the K electrons, a value of 0.00340 radians was obtained, which is in good 
agreement with the value obtained by experimentation when using the 
thickest film. Even if one uses either extreme limit of the values of the 
density given above the disagreement is not over 1.5 percent. For a density 
of 8.6 the calculated value of the critical angle is 0.00336 and for 8.9 the 
value is 0.00344 radians. 

These results do not give absolute proof that the density of the nickel 
in the thinnest film is not the same as it is in the thickest film, but it would 
seem that a far more reasonable explanation of the smaller values obtained 
for the critical angles from these films is that the phenomenon of the total 
reflection of x-rays is not a superficial effect buf rather requires a layer of 
electrons of a somewhat definite thickness. If this is the case, reflection from 


* Edwards, Phys. Rev. 30, 91 (1927). 
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the thin films is dependent not only upon some of the electrons of the nickel 
film, but also upon some of the electrons of the constituent atoms of the 
glass below the nickel film. The increase of the critical angle with increased 
thickness of the nickel film supports this hypothesis. The very small change 
in the critical angle determined by the last two films, even though the film 
on No. 6 must be nearly twice as thick as that of No. 5, shows that the 
addition of still more nickel would not measurably change the final result. 
This statement is substantiated by the agreement of the calculated value 
with the final experimented value. These results strongly indicate that the 
actual density of the nickel does not have different values in films of different 
thicknesses. 

The close agreement between the final value of the critical angle and that 
obtained from the dispersion formula also indicates that actual density of 
the nickel in the sputtered films used cannot differ by more than 1 percent 
from the value of 8.75 as used in the theory. Hanawalt and Ingersoll’s 
results indicate an increase in the lattice constant of crystallized nickel in 
the film of 20 percent and less. Some of their first results indicated that the 
nickel was not crystalline but amorphous. It is hard to reconcile these two 
contradictory results. 

Some difficulty was encountered in determining the mass of the nickel 
deposited upon the glass receiving surface. The final method used which 
gave satisfactory results employed a glass counterpoise which was nearly 
equal in mass to that of the receiving glass. The glass counterpoise was 
placed in the sputtering chamber directly under the receiving glass in order 
to insure a similar treatment, except for the deposit of nickel. The surface 
density of the nickel on mirror No. 6 was found to be 0.29 mgm per sq. cm. 

From the above value of the surface density of nickel, together with a 
volume density of 8.75 gm/cc the thickness of the nickel film on mirror 
No. 6 was calculated to be 3.32 10-* cm, which is a little shorter than the 
shortest wave-length of the visible spectrum. The distance of effective 
penetration of the x-radiation into the nickel film was found to be 0.00975 
cm, assuming that the radiation foliowed the direction of the line of incidence. 

The writer has also measured the critical angle from two different silver 
films, one of which was deposited upon glass by a chemical method (using 
the reduction of a silver salt) and the other a sputtered film upon glass. Both 
films were entirely opaque to ordinary light. The measured critical angles 
were identical in the two cases and both agreed, within one-half percent, 
with the value calculated by the dispersion formula. There is undoubtedly 
no change of density of silver in sputtered silver films. 


UNIVERSITY OF CALIFORNIA AT Los ANGELES, 
July 31, 1928. 











NOVEMBER, 1928 PHYSICAL REVIEW VOLUME 32 


THE SPECTRA OF MERCURY ABOVE THE 
IONIZATION POTENTIAL 


By L. R. MAXWELL* 


ABSTRACT 


Excitation of arc spectra of Hg by electrons having velocities above the ioniza- 
tion potential. Effect of recombination.—Electrons in mercury vapor with velocities 
greater than the ionization potential were confined into a beam by a magnetic field. 
The light produced was projected on the slit of a spectroscope with the direction 
of the beam at right angles to the slit. Perpendicular to the beam an electric field 
withdrew positive ions before they recombined. The intensity of the arc lines was 
found to be independent of the electric field which indicates that recombination 
contributes very little to the formation of these lines. These results are contrary to 
the previously accepted explanation given for the complete arc spectrum ap- 
pearing above the ionization potential. Consequently in addition to simple exci- 
tation the arc spectrum can be explained in the two following ways, (1) as being 
due to the return to the 1!.S, state by an electron which has been displaced from ah 
inner energy level to a virtual orbit while simultaneously one of the electrons of 
the valency group falls in to fill the vacated level; (2) due to a special type 
of recombination which is called initial recombination. 

Intensity variation of the spark lines due to the motion of the positive ions.— 
Spark lines due to singly and doubly charged ions show a variation of intensity 
along their length in such a manner that it is possible to distinguish them from the 
arc lines. It is also possible to differentiate between the lines of the first and the 
second spark spectrum. 


INCE the complete arc spectrum of the normal mercury atom appears 

when the mercury vapor is ionized it was formerly supposed to be due 
to the ionization of the gas or rather due to the recombination of the free 
electrons with the atomic ions. However, Eldridge’ has found that important 
lines of the arc spectrum can be produced below ionization which is in accord 
with the Bohr theory and in agreement with the photoelectric experiments 
of Franck and Einsporn. In previous experiments on the spectrum of 
mercury vapor excited by the higher velocity electrons, effects due to the 
direct impacts and to recombination have not been separated. The question 
arises as to which of these processes contributes the more to the production 
of the arc lines. The purpose of this work is to obtain the mercury spectrum 
with and without recombination occurring and to determine the role which 
recombination plays in the production of the arc lines and also to study 
some of the characteristics of the mercury spark spectrum given out by ions 
having a particular direction of motion. 


EXPERIMENTAL ARRANGEMENT AND PROCEDURE 


In Fig. 1 is shown the arrangement of electrodes which were mounted 
in a bulb containing mercury vapor at a pressure of 0.001 mm of Hg. Elec- 


* National Research Fellow. 
1 John Eldridge, Phys. Rev. 23, 685 (1924). 
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trons from the heated tungsten filament F were accelerated through the slit 
system 5S, with velocities greater than 40 volts. The electrons passed through 
the opening in S, and were given an additional velocity which carried them 
into the Faraday cage C. The purpose of the field between S: and C was 
to prevent the return of secondary electrons from C. The filament was a 
straight wire whose cross section is shown at F. A uniform magnetic field 
of several hundred gauss pro- 
duced by Helmholtz coils was in 
the direction indicated at H and 
served to confine the electrons 
into a well defined beam. The 
ie light coming from the region in- 
dicated by the dotted circle was 
projected on the slit of the spec- 
troscope in such a manner that 
the direction of the beam was 
perpendicular to the slit. An 
Fig. 1. Diagram of apparatus. electric field parallel to the slit 
placed between the two parallel 
plates served to withdraw the ions before they recombined. This field was not 
made greater than 200 volts per cm. It can be shown that when the electrons 
are under the influence of this transverse electric field they will not bede- 
viated appreciably from their original path and that their velocity will not 
be altered by more than a fraction of a volt. The positive ions on the other 
hand will be drawn over to the plate while their path will describe an arc of a 
cycloid of very large diameter compared with the dimensions of the apparatus, 
that is, the ions will move practically in a straight line in going to the plate. 
Galvanometer G2 gave a measure of the current reaching the edges of S;. This 
was small compared to the total current of the beam collected by C as meas- 
ured by Gs. G; indicated a small number of scattered electrons which reached 
S2. Either G; or Gs could be used for measuring the positive ion current. The 
region midway between the parallel plates which was occupied by the beam 
was kept at the same potential as S,; and S:. The two parallel plates were 
kept positive and negative respectively by the same amount with reference 
to S,, S:. Without this cross field we have the electrons moving in a region 
free from external electric fields and hence the ions and free electrons are 
able to recombine. The procedure was to apply an electric field of such an 
amount that a saturation positive-ion current was obtained, so that every 
ion formed was removed before it was allowed to recombine. Photographs 
of the spectrum were taken with and without the cross field applied. 






































EXPERIMENTAL RESULTS AND DISCUSSION 


Fig. 2 shows a typical plate. The velocity of the electrons in this case 
was 300 volts. The top exposure was taken with the cross field applied and 
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the lower one without. Beneath the lines indicated by the circles are spark 
lines (2847A, 2947A, 3208A) classified by L. and E. Bloch? as due to singly 
charged ions and called by them £;. The dots mark lines of the second spark 





Fig. 2. Spectra of mercury (1) with the cross field applied and (2) without. The direction of 
motion of the positive ions is given by the arrow. 


spectrum which have been designated as E, by L. and E. Bloch. One of 
them (4797A) can easily be seen while the others are very much fainter but 
could be readily observed on the original negative. The other lines belong 


to the arc spectrum. Some of them such as the 
one indicated by the cross (which is the 2537A 
line) are much longer than the others and actually 
extend beyond the region of the beam. The light 
coming from the part outside the beam is thought 
to be due to resonance radiation. 

It is noticed that the arc lines and the lines of 
the first spark spectrum are unaffected by the field 
while the lines due to the doubly charged ion show 
a change in their intensity distribution. Curve 1 in 
Fig. 3 shows more clearly the intensity of the 
4797A line with respect to the beam. On the ordi- 
nate is plotted intensity in arbitrary units and on 
the abscissa the position with respect to the center 
of the beam. Curve 2 represents one of the arc lines 
belonging to the sharp series which showed but 
little resonance radiation and gives the variation 
of the electron current in the beam. The direction 
of motion of the ions is indicated by the arrow and 
it is seen that the spark line is actually displaced in 
this direction. 

By altering the size of the filament and the 
openings in the diaphragms a beam of much greater 
width could be produced so that the ions in their 


2 L. and E. Bloch, Jour. d. Physique 4, 333 (1923). 
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Fig. 3. Experimental curves 
showing intensity variation of 
(1) the 4797A line of Hg**, 
and (2) an arc line which gives 
the width of the beam. 
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journey through it would be more apt to experience a second collision. The 
photographs obtained show the arc lines still unchanged in the presence of 
the electric field, but the lines of the singly charged ions now exhibit a 
change in intensity as is shown by Curve 1 in Fig.4. Curve 2 represents the 
intensity for an arc line which gives the width of the beam. As to whether 
these E, spark lines show a change in intensity because of the electric field 
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Fig. 4. Experimental curves showing intensity variation of (1) the 2847A line of Hg* and (2) 
an arc line which gives the width of the beam. 


is found to be determined by the size of the beam. We are led to believe 
that the light observed with the wider beam is due to a double collision 
while that of the other is brought about by a single impact. Since the arc 
lines are always unaffected by the external field we are able by suitably 
adjusting the size of the beam to distinguish between the spark and arc 
spectrum and also are able to differentiate between the spark lines of the 
first and second spark spectrum. 

Fig. 5 shows two exposures taken on the same plate 
with and without the cross field. The line beneath the 
dot which is the 4797A E, line shows the effect of the field. 
The densities of the other lines which belong to the arc 
spectrum were found to be the same for the two exposures. 
We therefore conclude that recombination does not con- 
tribute to the production of the arc spectrum under the 

Fig. 5. Showing conditions of this experiment, since recombination would 
twoexposurestaken be much less effective with the electric field than in 
nes its absence. The electron current in the beam was of the 
without the cross Order of 10 amperes/cm? while the positive ion current 
field. was 10-* amperes/cm’. ; The electron current and the pres- 
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sure in the tube could be kept constant over a period of four hours which 
was the time necessary for the two exposures. For testing the constancy of 
conditions two photographs were taken with all conditions the same and 
the density of the lines were found to be equal. 

Recently Mohler* has shown that recombination spectra do occur but he 
‘found it necessary to use high concentrations of ions and slow electrons. As is 
to be expected he found continuous bands terminating sharply on the high 
wave-length side. Thus to obtain spectra due to recombination a relatively 
large number of ions and slow electrons must be assembled together. 

Having now definitely shown that in this experiment recombination does 
not occur of sufficient amount to account for the formation of the arc lines 
it is necessary to resort to collision processes to explain their existence. Since 
the velocity of the electrons is of the order of 200 volts it has much energy 
in excess of that which it would be necessary for it to lose in order to excite 
only the arc spectrum. Eldridge‘ has shown, on measuring the energy losses 
at electron impacts, that in mercury vapor when the electron has a velocity 
slightly above 4.9 volts it is then most likely to lose that amount of energy, 
but when it is increased to 16.5 volts very few electrons suffer this energy 
loss. This experiment as well as others has shown that the efficiency of 
excitation for these small velocities reaches a maximum slightly above the 
critical potential and then decreases, so that if the curve representing prob- 
ability of excitation, were extrapolated to the higher velocities it would 
indicate that 200 volt electrons would not be likely to lose only these small 
amounts of energy. We should therefore not expect that these high velocity 
electrons would be able to produce the arc spectrum by simple excitation. 
The experiments of Bricourt® and also Seeliger in which the intensity of lines 
of the arc spectrum have been measured as a function of the velocity of the 
electrons, show that the intensity of the light starting sharply from the 
threshold value reach a maximum and then decrease as would be predicted 
by the experiments on the efficiency of excitation. Their results also give that 
the light intensity increases again for the higher velocities to a second maxi- 
mum which is about equal to the first and comes at about eighty volts. It 
seems reasonable to suppose that this second rise of the curve is due to the 
appearance of a new phenomenon in which the electrons of the filled inner 
groups play a part. 

Fricke’ and others in measuring x-ray absorption have shown that several 
of the absorption limits have a definite fine structure. Kossel’ has accounted 
for this as being due to the transport of an electron from its shell to the 
periphery and to certain virtual orbits which lie outside of the atom. The 
amount of energy for the latter process is of course the greater and hence 
we find the lines of the fine structure appearing on the high frequency side of 


3 F. L. Mohler, Phys. Rev. 31, 187 (1928). 

4 John A. Eldridge, Phys. Rev. 20, 456 (1922). 
5 P. Bricourt, Comptes Rendus 185, 846 (1927). 
* H. Fricke, Phys. Rev. 16, 202 (1920). 

7 Kossel, Zeits. f. Physik 1, 124 (1920). 
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the absorption band. More recently Chamberlain and Lindsay® in determin- 
ing outer x-ray energy levels for the elements from antimony to samarium 
have postulated three possible transition combinations which can be ex- 
pected for antimony, tellurium and iodine, to explain the Z; absorption 
limit. (1) An electron ejected from the Z; orbit might go to infinity and a 
valence electron from the On m group drop in to fill the vacated place. 
(The On-m is for these elements what might be called the incompletely filled 
valency group.) (2) The Z; electron could stop in the Oy_:n level and then 
fall back again to its original level. (3) The electron ejected from the LZ; 
level might go to a virtual orbit and then one of the electrons in the Oy—m 
level drop back to fill the vacancy in the inner energy level while at the 
same time the electron in the virtual orbit falls back to the Oy—sm group. 
Processes analogous to (1) and (2) would not give out the arc spectrum while 
(3) by virtue of the electron going from the excited state to the normal 
valency level could emit lines of the arc spectrum. To explain the second 
maximum of Bricourt’s intensity-voltage curve and to account for the pro- 
duction of the arc lines by the high velocity electrons in the present work, 
we suggest that transition combinations similar to (3) are taking place. 

The formation of arc lines may be due to a special type of recombination 
which is called initial recombination. Formerly initial recombination was 
thought to be a recombination between two ions generated from the same 
molecule. According to this hypothesis an electron ejected from a molecule 
goes only a small distance from the ion. The electron, however, is still 
attracted to the ion and will return again to recombine unless there exist 
external fields of sufficient strength which can remove the electron com- 
pletely from the ion. Recently Franck® has proposed an initial recombination 
which he describes as being a recombination between an ion and its own 
electron under the condition in which the electron is not free. He considers 
the process as not being appreciably affected by external fields because the 
electron is assumed to be always under the influence of the intense field of 
the ion. In the present investigation the external fields were not great 
enough to prevent initial recombination as defined by Franck and con- 
sequently the observed intensity of the arc lines may be due to this type 
of initial recombination. 

The writer desires to express his thanks to Professor John T. Tate for 
proposing this method of producing spectra without recombination and to 
Professor W. F. G. Swann for his suggestions during the course of this work. 
Also the writer wishes to thank Professor James Barnes for the privilege 
of using the densitometer at Bryn Mawr College. The investigation was 
begun in the Physical Laboratory of the University of Minnesota. 

BARTOL RESEARCH FOUNDATION OF THE FRANKLIN INSTITUTE, 


PHILADELPHIA, PA. 
July 16, 1928. 


* Chamberlain and Lindsay, Phys. Rev. 30, 369 (1927). 
® Franck, Jour. Franklin Inst. 205, 473 (1928). 
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THE DETERMINATION OF THE MEAN LIFE FOR THE 4797A 
SPARK LINE OF DOUBLY IONIZED MERCURY 


By L. R. MAxweELt* 


ABSTRACT 


With the method illustrated by the writer in the preceding paper, the spark 
line 4797A due to ions moving in a particular direction through a beam of electrons 
was obtained showing a peculiar variation of intensity. Calculations are made to 
determine how the intensity of the line should vary with respect to its position across 
the beam and for different current densities of the beam. Cases are worked out for 
both uniform and non-uniform electron current densities of the beam. On comparison 
with the experimental results, it can be shown that the line is produced at a single 
electron impact, and that the average life of the excited state is 410-7 seconds. 
Although the mean life for the first order spark lines could not be measured, it is 
estimated that it is less than 1 X10~" seconds. 


N THE preceding paper an experimental arrangement was shown for 

producing spark lines from positive ions which were all moving in a 
particular direction through an atmosphere of fast moving electrons. The 
spark lines of doubly ionized mercury showed a displacement in the direction 
of motion of the ions. This paper deals with a calculation of how the intensity 
of the line should vary across the beam and also with respect to the electron 
current density. As a consequence of these calculations a method is obtained 
for the determination of the average life of excited states which is applicable 
to any type of ion. 


CASE OF ELECTRON BEAM OF UNIFORM CURRENT DENSITY 


Part I. Single collision. We shall now assume that 
the atom is ionized and excited at a single impact. 
In Fig. 1, the parallel lines MW and N represent the 
boundary of the beam whose current density we shall | 

O 





M 


dA 


I 
x 


assume to be uniform. The dimension perpendicular 
to the paper we shall assume to be constant and re- dv Kae x 
presented by ». When a positive ion is formed it | 
immediately moves under the influence of the electric : 
field in the direction indicated by the arrow at O. Let 
dn be the number of excited ions which will be formed 


per second in the volume element dv=/pd&. Then 


bn =aNdé 














where JN is the number of electrons passing through unit cross sectional 
area per sec., a=/p/\ with \ being the mean free path for this type of collision. 

We shall now determine how much light these 5m excited ions will give off 
while they are passing through the volume element dA at a distance x from 


* National Research Fellow. 
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the lower edge of the beam. If we consider these ions radiating according 
to the ideas of classical dynamics the ion which has obtained its energy in 
the volume element dv will start to radiate immediately and if Ey is the 
energy it had at the beginning, then the amount E which it still has left at 
the end of a time ¢ is given by 


E= Eye!" (1) 


where r is the mean life and is equal to 3cm)\?/87*e?._ is the wave-length of 
the light emitted, m and e are the mass and charge of the electron, and c 
the velocity of light. 

According to the quantum theory the ion will not radiate continuously but 
instead will keep its energy for a certain length of time and then radiate all 
it has during a time interval small compared to its life. Thus we have that 
the number of excited ions m, existing at any time ¢ is given in terms of the 
initial number mp) by 


Nn, = noe *! (2) 


where the reciprocal of 8 is the mean life. 

For all of the following calculations we will think of the process of radia- 
tion as one which obeys the ideas of the quantum theory. Since the alge- 
braical form of the two above equations are the same we could select either 
of them and still arrive at the same result. In other words we will not be 
able to distinguish between the quantum and classical theories of radiation. 

So that now, if 5 is the number of excited ions leaving dv per second, 
then 


dne-Bt(z.8) 


is the number which will arrive at a distance x from the lower edge of the 
beam. Where ¢(x,) is the time required for the ion to go from dv to dA, and 


—d(in) =BaNe*'\* dtdt 


will give the number of transitions occurring in dA; where dt = (dt/dx)dx. 
If we let X be the external field then we shall assume that the ion moves 
under the action of this field so that 


t(x,£) = [2m(x—£#)/Xe]!/ 


where m/e is the ratio of mass to charge of the doubly charged ion, —d(6n)/lpdx 
gives the number of transitions occurring per second per unit volume 
at position x due to those excited ions formed in dv. On assuming that the 
light intensity J per unit volume at x is proportional to the number of tran- 
sitions occurring per sec. per unit volume at x we then have 


Kd(in) A8Nm exp {+8[2m(x—t)/Xe]"/2} dé 


ia — - 
lpdx Xe[2m(x—£)/Xe]}!/2 





where K is the factor of proportionality and A=aK/lp. On integrating 
€ from 0 to x we obtain 


IT=AN[1—¢~6me/xe)""] (3) . 
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Part II. Double collision. We now assume that at the first collision the 
ion is formed unexcited, then, as it is moving through the beam it is hit a 
second time which causes it to be put in the excited state. It will then radiate 
at a definite time later, after it has moved on to a new position. We will 
first find the number of unexcited ions formed in 
the volume element dv which are excited indy and 
then radiate in dA. Fig. 2 shows these elements of dA Fadx ‘ 
volume with their respective positions from the 
edge of the beam. The dimension perpendicular to o| dweadn x 
the paper will be considered constant as before and 
will be represented by p. dv Fad€ 

In the volume dv=/pdé we have a’ Ndé unex- i 
cited ions formed per second which we shall call N ] 
dno. If in general we have 6m unexcited ions passing Fig. 2. 
through an atmosphere of fast moving electrons at 
any given time ¢ then the number of these —d(5m) which will become excited 
during a subsequent time dt will be directly proportional to N, én, and di. 
Thus 

















— d(in) = yNéindt 


where 7 is the factor of proportionality. Hence the number of unexcited 
ions coming from dv per second which will reach dw without becoming excited 
will be dn,e-7"“% where ¢(7,£) is the time required for the ion to go from 
dv to dw. The number of these ions which will be excited in dw is 


Nome *1-® [dt(n ,£)/dn|dn 
and the fractional part of this number which will be de-excited in the volume 
dA is 
dt(n,€) dt(x,n, 
(n,&) dt(x,n ®) and 


By Nénoe~ WN tn. €)48t(2,9,€)) 
dn dx 





where ¢(x,7,£) is the time taken for the ion to travel from dw to dA. We shall 
again assume as above that the light intensity J per unit volume observed 
at x to be proportional to the rate at which transitions occur per unit volume 
at this position. Thus we obtain 





1=A'byn? f f terete wt8te0 eee dia 018) ean 
t=0 Y amt dy dx 


where A’=a’'K/lp. But 


(4) 


2(x—n) 
[2Xe(n—£)/m]*/2+ [2Xe(x—£)/m]*? 
on substituting these values, this equation becomes, after integrating 


I= [A ’/(Ny—B)] [BN (e-Nv(2m2/Xeyus 1)+yN%(1 — eB (2mz/Xeyus) | (5) 





t(n ,€) = [2m(n—£)/Xe]*!? ; t(x,n,£) = 


1 It is here assumed that the velocity of the ions is small compared to the velocity of the 
electrons so that ‘y is constant. 
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This can be simplified if the exponential terms are expanded according 
to the exponential power series and if y is considered to be small so that terms 
containing y? can be neglected, so that it reduces to 


I =constant X N? (6) 


The significance of making y small is that we are assuming that the prob- 
ability of the ion being struck the second time is small. 

Eq. (3) informs us that if the light is due to a single impact the intensity 
should always be directly proportional to the electron current regardless 
of what particular position on the line the measurements were made. How- 
-ver, if the emission were due to a double collision, Eq. (5) shows that the 
.adiation is not a simple function of the current density and that the relative 
intensities will depend upon x. If the probability of the ion being struck 
the second time is small then the intensity is proportional to the square of 
the current. For very large values of x (3) and (5) become the same in that 
they give that J would simply be proportional to N. 

In Fig. 3 we have the experimental re- 
sults of the intensity measurements. On the 

ordinate axis is plotted intensity in arbitrary 

I units while the abscissa gives the position 
| with respect to the center of the beam. 

| \ Curve 2 is for an arc line which showed little 
| resonance radiation so that it can be thought 
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Hf electron current, so that it must be due only 
to single electron collisions and hence give a 
/ 4 true measure of the electron density. Curve 

fi \ 
J , which the ions are moving as indicated by 
é . the arrow. The curve rises sharply at first to 
the maximum which has been displaced 
intensity variation of (1) the 4797 spark this line was measured for different electron 
line and of (2) an arc line which gives Currents and found to be approximately pro- 
the width of the beam. The dotted line POrtional to the electron density and to be 
mediately seen that the light is the result 
of a single collision and the constant 8 could be determined by using Eq. 
(3) and hence the mean life is obtained. By use of Curve 2 it can be esti- 


this line was found to be proportional to the 
1 represents the spark line 4797A of Hg++ 
~~ which shows a displacement in the direction 
Ae Oi has - ’ how cm from the center of the beam and then falls 

m . . . 
+ ~<pdhandeendiaen off more gradually. The relative intensity of 

Fig. 3. Experimental curves showing 

gives a calculated curve for (1) the the same for different values of x. If the 
spark line. electron density had been uniform it is im- 
mated how 1 would have appeared if the current had been uniform and 
from Eq. (3) the mean life comes out to be of the order of 10-7 seconds. 
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However, to obtain a more accurate method we shall proceed to make 
similar calculations as above on the assumption that the electron current 
is similar to that shown by Curve 2. 


CASE OF ELECTRON BEAM OF NON- 
UNIFORM CURRENT DENSITY N 


Part I. Single collision. We shall assume that the 
electron current varies as is shown in Fig. 4. That is, 
we assume NV =é for values of & between zero and a, 











and N =ka—k(é—a) for from a to 2a. This variation st rt 
of N with respect to £ is taken to represent approxi- |§ *————%a———* 
mately the actual condition as is given by Curve 2 

of Fig. 3. Proceeding as above we obtain the follow- Fig. 4. 


ing for the light intensity for values of x from 0 to a, 
I =(ABm/Xe) f ké [2m(x—£)/Xe]—'/2e-Pl2m (2-H /Kelige 
0 


and on integrating becomes 


Xe Xe Xe/fmx\'? 
oe (a eee 
mB? mB? mB \ Xe 


This gives the intensity up to the center of the beam and we see that by 
varying the electron density we simply alter k and hence J is directly pro- 
portional to & and the relative intensities are independent of x. 

For values of x from a to 2a, we have 


ABm f R&e 8 (2 m(2—-8) /Kehiage z (2kha— ké)eB(2 (2-8) / eles 
-=| 0  [2m(«x—£)/Xe]*/2 . [ 2m(x—t)/Xe]!/2 | 


On integrating we obtain 


Xe Xe Xef2m(a+-x’)}!? 
[=Ak} o+——— x + eBl2m(atz’)/Xe}ils (—<+—<| / ) 
mB? mB? mB Xe 


renin (XE , XE [2ma’ 1? 
— 2eB(2mz’ /Xe)i2 —-+—- \ 
mB? mBL Xe 


where x’ is the distance measured from the center of the beam, i.e., x =a+x’. 
This again tells us that J is directly proportional to the electron density. 
I must have a maximum value for some value of x’ which can be found 
by differentiating Eq. (8) with respect to x’ and equating to zero. On doing 
this, (8) gives 





I 








(8) 





Qe-B(2 mz’ /Xe)u/2__ e blz m(a+z’)/Xe)}i/2__ 1=0 (9) 


This equation now gives a method for determining the average life of the 
excited state. Having mentioned above that the light is directly proportional 
to the electron current density we see that the intensity must be the result 
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of a single collision and hence Eqs. (7) and (8) should agree with the ex- 
perimental results. Also having obtained from Curve 1 the distance the 
spark line has been displaced from the center of the beam we then substi- 
tute this value in Eq. (9) for x’ and then determine the constant 8 which 
gives directly the mean life. The value obtained is 4X10-’ seconds. Thus 
having obtained 8 we can substitute it in Eqs. (7) and (8) and obtain a 
theoretical intensity curve which is shown in Fig. 3, by the dotted line. The 
agreement between this and the experimental Curve 2 is quite good. 
Part II. Double collision. In this case we have, similar to (4) above, 


1=A'py { [ N2e— WN t(E 0) +80(2,9,8)1 di(a 8) dz ,0,€) didn 
t~0 o gmt dn dx 


But now N=é for values of Sa; N=2ka—ké for values of 2a. 

This expression is not easily integrated but it can be shown on substitut- 
ing the numerical values that the intensity will be proportional to the square 
of the electron current provided y is small. For values of y not small the 
intensity will be a function of k and x for given conditions and the intensity 
ratio for two different currents will depend on the value of x at which the 
measurements are taken. In view of the above results we conclude that 
this type of action is not occurring. 

Life of the excited state for the lines of the first spark spectrum. In this case 
of the narrow beam the lines due to singly charged ions did not show a dis- 
placement from the center of the beam. From Eq. (9) it can be shown that 
if the life of the excited ion was of the order of 10-* seconds it would not 
exhibit a shift large enough to be measured. It is therefore concluded that its 
mean life must be of that magnitude. 

In these calculations it has been assumed that the velocity of ions is that 
given to it by the external fields. No account has been taken of the fields 
produced by the ions themselves. The order of magnitude of the positive 
ion current collected by the side electrode was 1X10-* amperes per cm’. 
The electron current was 1X10-* amperes per cm*. The resultant charge 
in the beam must be positive and the disturbing fields produced is small 
compared to the external field of 200 volts per cm which was used in obtain- 
ing the results illustrated in Fig. 3. The good agreement between the theoreti- 
cal and experimental curves indicates that the observed phenomena can 
be explained according to the previous assumptions. 

The writer wishes to acknowledge his indebtedness to Professor W. F. G. 
Swann for outlining the method for calculating these intensities and to thank 
him for his interest in the work. The writer also desires to thank Professor 
James Barnes for the privilege of using the densitometer at Bryn Mawr 
College. 
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IONIZING POTENTIALS AND FAR ULTRA-VIOLET 
LINES OF LIGHT ATOMS 


By Louis A. TURNER 


ABSTRACT 


By an interpolation the ionizing potentials of F and F* are found to be 17.4 and 
34.5 volts. These new values improve the regularity of the relationships of the values 
of (v/R)*/? corresponding to the ionizing potentials of the atoms of the first short 
period. The energy necessary for the removal of a 2s electron from each of many 
of the atoms and ions of these elements (L;, levels for an atom) is calculated by use of 
the s*p"-! — sp” lines. 

The effect of the removal of a 2s electron upon the subsequent removal of a 2p 
electron is found for B, F, and Ne to be an increase of (v/R)/* by about 0.45. This 
is used to get a prediction of the wave-lengths of missing s*p*~!— sp" lines of C, N, N*, 
and O. 

New identifications of the far ultra-violet lines of Mg are proposed and the 
third ionizing potential found to be 80.4+1 volts. A pair of lines of F are tentatively 
identified as the 2s*2p' *P —2s2p* 2S lines. 


ECENT work on the measurement and analysis of the far ultra-violet 

spectra of many atoms and ions by Millikan and Bowen and others 
has made it possible to determine their ionizing potentials with great ac- 
curacy. Millikan and Bowen! have published a table of the ionizing potentials 
of the atoms and ions of the first short period of the periodic table and a 
graph which shows strikingly simple relationships between the square roots 
of these energies necessary for the removal of outer 2 electrons. Lines 
drawn through points for iso-electronic ions are nearly parallel. The purpose 
of the present paper is to discuss certain extensions and minor amendments 
of this graph, to calculate from the spectroscopic data the ionizing potentials 
for the removal of a 2s electron (Li levels of the neutral atoms) and show 
the similar relations between them, and to discuss the results of certain ex- 
trapolations. 


IONIZATION BY REMOVAL OF A 2p ELECTRON 


For the atoms from Be to Ne, inclusive, and the ions of similar electronic 
configuration, the ordinary ionizing potentials measure the energies for the 
removal of one of the outer group of equivalent 2p electrons. These are the 
ones discussed by Millikan and Bowen. For the elements whose spectra in 
the visible and near ultra-violet regions have been extensively analyzed the 
measurement of the related far ultra-violet lines involving the transitions 
to the normal state gives accurate Values of the ionizing potentials. For the 
others, Bowen,? who calculated most of these ionizing potentials, had to 
make highly plausible assumptions concerning the values of certain high 


1R. A. Millikan and I. S. Bowen, Proc. Nat. Acad. Sci., 13, 531 (1927). 
21. S. Bowen, Phys. Rev. 29, 231 (1927). 
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terms which are connected with configurations in which the excited electron 
is a 3d, presumably non-penetrating and giving a hydrogen-like term in 
these light atonis. Such a fixation of any one term implies certain values for 
all other terms, including the normal one, and therefore of the ionizing 
potential. One can calculate the energy in agreement with each of these 
ionizing potentials for the removal of the 3s electron from the configuration 
2s?2p"-13s. These energies which are simply the corresponding term values 
expressed in volts are given in Table I. The 2s?2p"—3s configuration is an 
excited one for all of these atoms and ions except Na and Mgt whose normal 
configuration is entirely analogous to this excited configuration of the others. 


TABLE I Energy for removal of a 3s electron 











Atom Term Energy Reference Ion Term Energy Reference 
(volts) 
Na 2S 5.116 A Mgt *§ 14.96 A 
Ne 3P, 4.89 A Nat 3P, 14.2 H 
F 2P, 4.0 B Ne* 2P, 13.13 G 
O A) 4.08 C Ft 3S 9.6 B 
N ‘P, 4.20 D Or ‘P, 12.09 F 
Cc 3P, 3.78 K N+ 3P, 11.09 J 
B 2S 3.34 I cr 2S 9.90 E 








_ A. Older work. See J. Franck and P. Jordan, ‘‘Anregung von Quantenspriingen durch 
t sse. ” 
B. I. S. Bowen, Phys. Rev. 29, 231 (1927). 
C. J. J. Hopfield, Astrophys. J., 59, 114 (1924). 
D. J. J. Hopfield, Phys. Rev., 27, 801 (1926). 
E, A. Fowler, Proc. Roy. Soc. 105 A, 299 (1924). 
F. H. N. Russell, Phys. Rev., 31, 27 (1928). 
G. H. N. Russell, K. T. Compton and J. C. Boyce, Proc. Nat. Ac. Sci. 14, 280 (1928). 
H. I. S. Bowen, Phys. Rev., 31, 967 (1928). K. Majumdar, Ind. Jour. Phys. 2, 345 (1928). 
I. R. A. Sawyer, Die Naturwissenschaften 15, 765 (1927). 
J. A. Fowler and L. T. Freeman, Proc. Roy. Soc. 114A, 662 (1927). 
K. A. Fowler and E. W. A. Selwyn, Proc. Roy. Soc. 117A, 34 (1928). 


The values which are printed in heavy type depend upon some sort of an 
analysis of series and are therefore the more accurate. References to work 
other than that of Bowen are to the work upon which he based his calculation 
of the ionizing potential of the ion concerned, or to already fairly completely 
analyzed spectra (Na, Mgt, Ne O, N), or to more recent work (B, C, N*, 
Net, Nat). These configurations give, in most cases, several levels. The 
particular one for which the energy is calculated is indicated in the table. 

A study of this table leads one to suspect that the values for F and Ft 
are too small. That for Net being greater than the one for Ot, one would 
expect the value for F to be greater than that for N. Similarly one would 
expect the value for F+ to be greater than that for C+ since the O value is 
surely greater than that for B. Omitting F and F+, the ratios of the two 
values of iso-electronic pairs are found to be nearly constant. The Mgt/Na, 
Nat/Ne, Ot+/N, N*/C and C+/B ratios are, respectively, 2.92, 2.90, 2.88, 
2.94 and 2.96. I know of no theoretical reason for the approximate constancy 
of this ratio but it seems to hold well enough to serve as a basis for an inter- 
polation to get new values for F and F+. If we assume a ratio of 2.90 the calcu- 
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lated values for F and F+ become 4.5 and 11.8 presumably accurate to 0.1 volt 
if one grants the validity of the method of interpolation. Bowen’s values for 
the two ionizing potentials of F of 16.9 and 32.3 volts should be raised to 17.4 
and 34.5 volts, respectively. It should be mentioned that the identifications 
of lines upon which his values for F and F+ were based were the most un- 
certain of any and the results offered as being merely tentative. 

Table II gives the ionizing potentials of the atoms and ions, the same as 
those of Millikan and Bowen except for the changes of the values for F and 
F+, slight changes of the values for B,C, and N+ based upon newer analyses, 
and with the addition of the new values for Nat and Ne*. These are the 


TABLE II. Jonization by removal of a 2p electron 


























Ionizing 
Element Potential (v/R)¥2 A(v/R)*/? 
(Volts) 

B 8.28 0.78 

0.56 
_ 24.26 1.34 

0.53 
N*+ 47.2 1.87 

0.52 
Ot++ 77.0 2.39 
C 11.21 0.91 

0.57 
Nt 29.50 1.48 

0.53 
O++ 54.8 2.01 
N 14.49 1.03 

0.58 
O* 35.00 1.61 
O 13.56 1.00 

0.60 
Ft 34.5 1.60 
F 17.4 1.13 

0.61 
Ne* 40.9 1.74 
Ne 21.47 1.26 

0.61 
Nat 47.0 1.87 








energies necessary for the removal of a 2 electron from an atom or ion in 
the state corresponding to the lowest level connected with the normal 
2s*2p" configuration, leaving the ion so formed in its normal state. From 
these are calculated the corresponding values of (v/R)'/? and the differences 
of (v/R)'? between iso-electronic ions, which give the slopes of the lines 
connectiag adjacent iso-electronic points. They run much more smoothly 
than with the unchanged values of F and F* as is seen by reference to Fig. 1 
which gives the Moseley diagram like that of Millikan and Bowen but with 


the addition of the new points for Na+ and Net and_the changed ones for 
F and F*. 
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This change of the ionizing potential of F introduces a difficulty in the 
interpretation of the strong 806.92 and 809.60 lines. Bowen identified them 
as lines arising from a transition to the normal ?P state from a level which 
he called 3x, signifying that it was one of the levels of the 2s?2$*3d configura- 
tion. He assigned it a term value of 13,000 wave-number units assuming 
that such terms have hydrogen-like 
values as they have been found to 
- | have in the completely analyzed spec- 
cA tra of others of these light atoms. 
r. > If, however, the ionizing potential is 
' YH r By 4 to be raised by 0.5 volts this term 

cA yy Y value becomes approximately 17,050 
io which is much too high for a term 
7 4 arising from the 2s*2p‘3d configura- 
tion. It is, however, apparently too 
small to be explained as either the 

Fig. 1. Moseley diagram for removal of 29° or *S term arising from the 
electron for elements B to Na. 2s*2p43s configuration. It might pos- 

sibly be the 2S term of the 2s2p? con- 
figuration, the two lines being analogous to the strong 462 pair of Net. 
This possibility is discussed more fully below. 
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IONIZATION BY REMOVAL OF A 2s ELECTRON 


Among the strongest lines in these far ultra-violet spectra are lines whose 
frequencies for iso-electronic sequences follow the irregular doublet law. 
This indicates that the total quantum number of the electron which changes 
must be the same in both the initial and final states. Millikan and Bowen 
interpret these lines as resulting from transitions in which a 2p electron 
replaces a missing 2s electron. That is, if 2s?26" be the normal configuration 
the atom or ion is somehow ionized by the removal of a 2s electron to give 
2s2p" which then emits one of the lines under consideration as a 2p electron 
jumps to replace the missing 2s electron giving finally 2s?2p"—', the same as 
if a 2p electron had been removed originally. This is essentially an x-ray 
process of emission by the reorganization of the ion after the removal of 
an inner electron. Such lines will be referred to as s*p"-!—sp" lines. Their 
measurement and identification having been carried out all the data are 
now available for calculating the energy necessary to remove a 2s electron 
from each of these atoms and ions. 

Take oxygen as an example. The normal configuration is 2s?2p‘, the 
s group being closed, and the four # electrons giving rise to *P, 'D and 'S 
terms. The removal of a 2s electron will leave a single 2s electron and the 
2s2‘ configuration of the ion will give *P, *P, 27D and 2S terms as does the 
2s*2p‘3s configuration of F. There will be, therefore, a whole set of ionizing 
potentials for the removal of the 2s electron corresponding to these various 
possible states of the ion just as, of course, there is a whole set of possible 
ionizing potentials for the ordinary ionization by removal of a 2 electron, 
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corresponding to the various possible states of the ion after such an ioniza- 
tion. It is customary to refer to the one of least energy as the ionizing 
potential and the same convention may well be adopted for ionization by 
removal of a 2s electron. With the 2s electron gone an electron from the 
2p‘ group may then take its place, radiating an s*p"-'—sp* line of the spark 
spectrum and leaving the ion in one of the states resulting from the 2s*2p* 
configuration, viz., 4S, 2D, 2P. Thus one can compute the energy for the 
removal of an electron to leave the ion in the 2s2p* ‘4P; level by adding to 
the ordinary ionizing potential (2s?2p* *P)—>2s?2p* 4S) the energy correspond- 
ing to the emission of the 2s?2p3 4S— 2s2p* ‘P; line (834.46 A.U.). Similarly 
one computes the energy for removal of a 2s electron from an already once 
ionized atom (one 2 gone) by adding to the ordinary second ionizing 
potential the energy corresponding to the appropriate s*p*-'—sp" line of 
the second spark spectrum, and so forth. It seems possible that the great 
strength of these lines as compared with others of the same spectrum may 
result because they can be produced by the act of removal of a single 2s 
electron, while the others depend upon the removal of one electron and the 
simultaneous or subsequent excitation of another one. It would be of interest 
to investigate the excitation of these ions by single impact of electrons of 
known speeds to see whether this type of internal ionization is one of high 
probability. It may be, however, that the great intensity of these lines is 
simply a result of the circumstance that the energy necessary for their ex- 
citation is in general less than that necessary for excitation of other spark 
lines. 


TABLE III. Energy for removal of a 3s electron. 























2s2p” 
2s*2p” Term 
Atom 2s*2p""! stp™-1— sp" (Final state of Energy (v/R)*/2 A(v/R)*/2 
or Term Line ion with 2s 
Ion electron gone) 
B 1S 3452 3p 11.9 0.94 
, 0.54 

c+ 1S 2297 sp 29.6 1.48 
Cc 2p 1334 2D 20.5 1.23 

0.55 
Nt 2p 990 2D 43.1 1.78 

0.50 
O*+ 2p 790 2D 70.4 2.28 
N 3p 1084 8) 25.9 1.38 

0.54 
Or 3p 834 3D 49.8 1.92 
oO 4S 832 ‘Pp 28.4 1.45 

0.54 
Ft 4S 657 ‘p 53.3 1.99 
F 3p 605 3p 37.7 1.67 





Ne a 462 *S 48.2 1.89 
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Table III gives the results of these calculations for those atoms and ions 
for which there is sufficient data. These are the Ly, x-ray levels for the 
neutral atoms. In a few cases not all of the theoretically predicted s*p"—!— sp” 
lines have been identified so that the calculated ionizing potential is for a 
somewhat excited level of the sp* configuration and not for the lowest one. 
In these cases the term designation is put in bold face in the table. These 
points are plotted in Fig. 2. That lines of nearly the same slope as those of 
the previous diagram can be drawn through the adjacent iso-electronic 
points is of course not surprising since that 
3 is what is implied by the fact that the ir- 
regular doublet law is applicable. The 
slopes are, however, definitely less for the 
e 4 ' 2s electrons than for the 2p electrons and 
J. oy |S LL | stay constant rather than increasing with 
increasing atomic number. 
’ = If we assume that the same value of 
0.54 will be found for the Ne+—F differ- 
ence, and the Nat—Ne difference, these 
0 nO Ne ionizing potentials for Net and Na?* are 
Fig. 2. Moseley diagram for the re. Calculated to be 66.0 and 80.0 volts re- 
moval of the 2s electron for the elements spectively. The 2s?2p*—2s2p° transition 
B to Ne. in Ne** thus involves an energy difference 
of 66.0—40.9=25.1 volts and would give 
rise to a group of lines in the neighborhood of 492 A.U. This is on the side 
of longer wave-lengths of the corresponding sort of lines of Net (462 A.U.). 
Such a group in this relative position has been found in the spectrum of 
argon by Dorgelo and Abbink.* The 2s?2p'—2s?p* transition of Nat** in- 
volves an energy difference of 80.0—47.0=33.0 volts and should thus give 
another pair of lines, not yet found, at 374 A.U. The hypothetical 2s?2p53s*P, 
1P —2s2p°3s*°S, 1S lines would appear at nearly the same wave-length since 
the presence of the outer 3s electron would probably not affect the energy 
difference greatly. 






































SCREENING EFFECT OF s ELECTRONS 


A certain amount of energy is required in order to remove both a 2p 
electron and a 2s electron and must be the same regardless of the order in 
which they are removed if the same final state is reached. The sum of the 
energy for removal of a 2p electron (ordinary I.P.) and the energy for 
removal of a 2s electron from the ion thus formed (Table III) must equal 
the sum of the energy of removal of a 2s electron from the neutral atom and 
the energy of subsequent removal of a 2p electron. The first three quantities 
being known the fourth can be calculated. Unfortunately, significant results 
can be obtained for only B, F and Ne because either one or the other of the 
lowest sp* terms involved in the calculation is unknown for C, N, and O. 
Table IV gives the results for the three elements. 


* Dorgelo and Abbink, Zeits. f. Physik. 41, 753, (1927). 
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TABLE IV. Energy for removal of a 2p electron from an ion produced by previous removal of a 2s 











electron. 
Atom Energy (v/R)*/2 (v/R)“? for ordinary A(v/R)¥2 
A 
B 20.6 1.24 0.78 0.46 
F 33.0 1.56 1.13 0.43 
Ne 39.3 1.71 1.26 0.45 








Apparently the previous removal of a 2s electron raises the energy for 
subsequent removal of a 2p electron in a way such that the (v/R)'/? value 
ncreases by about 0.45. If this relationship be assumed to hold approxi- 
mately for the other atoms one can calculate this energy for C, N, and O 
and then work backwards to get an estimate of the wave-lengths of the miss- 
ing s*p"-!— sp" lines. For instance, take C. (v/R)'/? for the ordinary ionizing 
potential is 0.91. Adding 0.45 gives 1.36, corresponding to an energy of 
25.0 volts for the removal of a 2 electron after the removal of a 2s. The 
sum of the ordinary ionizing potential and the 2s ionizing potential of Ct 
is 40.9 volts. Subtracting 25.0 thus gives 15.9 volts as the energy for removal 
of a 2s electron from the un-ionized C atom to give the 2s2p? 4P term. The 
ordinary I.P. being 11.3 volts the difference of 4.6 volts is the amount of 
energy radiated in the s*p*-!'—sp* lines. These lines will be the 2s*2p *P 
— 2s2p? ‘P lines of the CII spectrum and thus be a group of 5 lines involving 
the doublet difference of 63.8 units of the low ?P of C+ twice and be located 
near 2700 A.U. Since the energy value of 4.6 volts may well be in error by 
0.5 volt these lines should be looked for in the region from 2400 to 3000 A.U. 

Similarly, the energy for removal of a 2 electron from an oxygen atom 
from which has already been removed one 2s electron is 28.4 volts. The 
energy for removal of the 2s electron in the first place being also 28.4 volts, 
the total for the double ionization is 56.8 volts. Subtracting the ordinary 
ionizing potential of O of 13.6 volts gives a value of 43.2 volts for the removal 
of a 2s electron from the ordinary O+ ion. The ordinary second ionizing 
potential is 35.0 volts, the difference of 8.2 volts being the amount of energy 
to be radiated in the 2s?2p? *P—2s2p' 5S lines of the O III spectrum at 
about 1500 A.U. (A pair having the frequency difference equal to that 
between the *P; and *P levels.) 

It is not possible to proceed in the same manner to make the correspond- 
ing calculations for N since neither the lowest term of N+ 2s2p*°(§S) nor that 
of N*++ 2s2p?(*P) is known. One can, however, take the value of 43.2 volts 
for O*, just found, corresponding to a value of (v/R)"/? of 1.79, subtract from 
it the value of 0.54 of Table III to get 1.25 corresponding to 21.1 volts for 
N, the energy to remove a 2s electron from N leaving the ion in the 2s2p*(*S) 
state. The ordinary ionizing potential is 14.5 volts so the difference of 6.5 
volts would be found in the 2s?2p? *P— 2s2p' §S lines of N+ at about 1900 
A.U. Similarly, using the value for the removal of a 2s electron from a C 
atom found above (15.9 volts) the corresponding energy of removal of a 
2s electron from an ordinary N* ion to get the lowest term, 2s2p? ‘P, is found 
to be 36.0 volts. The 2s?2p ?P—2s2p*4P lines of N++ should be found at 
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about 1930 A.U. The two new values for N just found are checked as follows. 
The energies for removal first of a 2p and then of a 2s electron are 14.5 and 
36.0 volts giving a total of 50.5 volts. Removing them in the opposite order 
the energies are 21.1 and 29.6 volts giving a sum of 50.7 volts which gives 
a rather surprisingly good agreement in view of the number of extrapolations 
involved in the calculations. (The value of 29.6 volts for removal of a 2p 
electron after previous removal of a 2s was calculated by use of the (v/R)'/? 
difference of 0.45 as above.) 

I have not been able to find published data with which to test the pre- 
dictions here made concerning the location of the missing sp"—s*p"~" lines. 
They are all predicted to be at considerably greater wave-lengths than the 
other such lines already found in these spectra of the same ions. 


LINES OF MG IN THE FAR ULTRA-VIOLET 


The value of (v/R)'/* corresponding to the ionizing potential of Nat of 
47.0 volts is 1.87, that for Ne is 1.26 (Table I), giving a difference of 0.61. 
If we assume that the difference between Mg** and Nat is also 0.61 the 
ionizing potential of Mg** is calculated to be 83.1 volts. If, however, we take 
for the difference between Mgt* and Nat the difference of 0.53 found be- 
tween N*++* and C+, and O** and N?*, the value for Mgt*+ comes out 77.8 volts. 
An intermediate value seems more probable. Taking 0.57 for the difference 
one gets 80.4 volts. This is the energy for the removal of a 2 electron from 
the 2s?2p° configuration of Mg**. 

The energy for the removal of the 3s electron from the 2s?2p53s con- 
figuration of Mgt* can be calculated on the assumption that its ratio to the 
corresponding energy for the same configuration of Ne is equal to the ratio 
of the energies for removal of the 3s electrons of Al++ and Na (Ionizing 
potentials, see Franck and Jordan, loc. cit.) 


Mgt 2s?2p5(3s)—2s?2p5 
28.3 

4.89 ——=27.0 volts. 
5.116 


The difference between these two energies, 80.4—27.0=53.4 volts is the 
energy which is emitted in the 2s?2p* 1\S—2s?2p53s *P, 1P lines, analogous 
to the two resonance lines of Ne. The energy of 53.4 volts corresponds to a 
wave-length of 231 A.U. Using values of the ionizing potential of 83.1 or 
77.8 volts instead of 80.4 volts this wave-length comes out to be 220 or 
244 A.U., respectively. The possible 2s5?2p°3s 2S —2s?2p°3s??P transition 
would also give a pair of lines at nearly the same wave-length since the 
presence of one more outer 3s electron would presumably not affect the 
energy difference to any great extent. 

Millikan‘ found three strong lines in the far ultra-violet spectrum of Mg. 


Intensity r Volts 
2 231.4 53.4 
5 320.9 38.5 
4 323.2 38.2 


*R. A. Millikan, Phys. Rev. 23, 1, (1924). 
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It appears that the 231.4 line is emitted when one of these two transitions 
takes place, and not the other pair of lines as has been suggested. There 
should be another line accompanying it, however, and presumably resolvably 
separated from it. Of the two possible transitions which might give rise to 
this line the 2s?2p°— 2s?2p* 3s one seems to be the more probable since the 
pair of lines which it gives are 'S—'P and 'S—*P lines, the former being much 
stronger because of the relative weakness of intercombination lines in light 
atoms. The 2s?2p* 3s—2s*2p' 3s? transition would give a *S—?P doublet, 
probably of more nearly equal intensity. These latter lines would of course 
be the L, lines. If this identification of the 231.4 line be accepted the third 
ionizing potential of Mg is thus found to be 80.4 volts, since the wave-length 
computed on the assumption of that value agrees with the one actually found. 
This value is in error by the amount of the error in the estimation of the 
energy necessary to remove the 3s electron from the 2s?2p53s configuration 
of Mgt+, perhaps 1 volt. 

The 320.9 and 323.2 lines can, however, be identified as lines emitted 
during the transition of an electron from a 2 to a 2s orbit. Table III shows 
that the (v/R)'/? difference between O*+ and C for the removal of a 2s electron 
is 1.05. If we assume that the same difference will be found between Mgtt 
and Ne, the (v/R)'/? value for Mg*+ is 1.89+1.05 =2.94 corresponding to 
an energy of 117.0 volts. The energy for the removal of a 2 electron being 
80.4 volts, the energy difference which would be emitted as the 2s?2p' — 2s2p° 
lines is 117.0—80.4= 36.6 volts corresponding to a wave-length of 338 A.U. 
This agrees well enough with the wave-lengths of the lines found by Millikan, 
in view of the extrapolation involved. The possible transitions which would 
give lines of about the same wave-length are as follows: 


2572 p* — 2s2p* 2p—2S two lines 
2s°2p°3s—2s2p%3s = *P,1P—4%S,1S_ six lines (four strong) 
2s?2p*3s?— 2s2p®3s? *P—*S two lines 


There does not seem to be any way to decide between the first and the third 
possibilities. The third would result from the removal of but one electron 
from the normal Mg atoms. It should be possible to excite lines of approxi- 
mately this wave-length by bombarding a target of solid Mg since these 
are essentially x-ray lines. If the identification of these lines be assumed the 
energy for the removal of the 2s electron can be calculated to be 80.4+38.2= 
118.6 volts, with considerable error because of the uncertainty as to which 
of the two possible transitions give rise to the lines observed. 


THE FLUORINE LINES 


As mentioned above, the change of the ionizing potential of F involves 
a difficulty in the interpretation of the 806.92 and 809.60 lines which arise 
from the combination of some excited term with the normal ?P term. The 
excited term may possibly be the 2s2p* 2S term. If the line of Fig. 1 through 
the points for Ne and Nat be extrapolated backward it gives a value of 
0.65 for F- which gives an upper limit of 5.7 volts for the electron affinity 
of F. This is thought to be an upper limit because of the tendency shown 
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for the differences of (v/R)'/? to increase with decreasing net charges of the 
two ions concerned. If the proper difference be 0.65 one gets a value of 5.0 
volts for this electron affinity. The 806.92 line corresponds to an energy of 
15.3 volts so that if these lines are the 2s?2p'— 2s2p* lines the energy of the 
2s2p* level referred to the 2s?2p* F- ion must be 5.0+15.3 = 20.3 volts. This 
gives a (v/R)'/? value of 1.23. That for Ne being 1.89, the difference is 0.66 
which seems like too great an increase over the difference of 0.54 found be- 
tween the (v/R)'/? values for the various neutral atoms and singly positively 
charged ions. If this difference were to be less the energy of the 2s2p° term 
would be greater and the 2s?2p*—2s2p° lines lie at shorter wave-lengths. 
Since they would presumably be strong, in the region investigated by Milli- 
kan and Bowen, and with the frequency difference characteristic of the 
normal ?P term the fact that they have not been reported probably indicates 
that they are not there and gives support to the present identification of the 
806.92 and 809.60 lines. 


PALMER PuysICcAL LABORATORY, 
PRINCETON, NEW JERSEY, 
July, 1928. 


Note added with proof Sept. 20, 1928.— 


I am much indebted to Dr. I. S. Bowen for a letter in which he has made 
valuable comments upon several of the points discussed in this paper and has 
referred me to several newer analyses of spectra which I had overlooked. 
The newer data, which involved changes of several ionizing potentials by a 
few hundredths of a volt, have been incorporated into the above tables. 
Bowen states that the old identifications’ of the 3452 line of B+ and the 2297 
line of C++ as 'S—4P, lines are most certainly wrong inasmuch as these are 
very strong lines and the intercombination lines in the spectra of other light 
elements are now known to be very weak, and that the true 'S—P, lines not 
yet found probably lie at longer wave-lengths. The energy values of Table III 
for B and C+ are thus probably toc great and that of Table IV for B some- 
what too small. Likewise the predicted wave-lengths for the missing lines of 
the C II spectrum and the N III spectrum are too small. Bowen suggests 
that the missing s*p"-!— sp" lines will be very difficult to find because they 
too are intercombination lines and will presumably be very weak. Those of 
the C II spectrum do not appear in the extensive tables of the recent paper of 
Fowler and Selwyn*. 

He also called my attention to the fact that Dingle’ has already made the 
same suggestion concerning the interpretation of the 806—809 pair of F. In 
that paper Dingle computes a value for the ionizing potential of F of 18.6 
volts by use of the Rydberg formula with two ?P terms, one of these being the 
lowest term, but states that the value is probably too high. 


5 1. S. Bowen and R. A. Millikan, Phys. Rev. 26, 310 (1925). 
6 A. Fowler and E. W. H. Selwyn, Proc. Soc. 120A, 312 (1928). 
7H. Dingle, Proc. Roy. Soc. 117A, 416 (1928). 
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ON THE SPECTRA OF DOUBLY IONIZED ARSENIC 
ANTIMONY AND BISMUTH (As III, Ss III, Br III) 


By R. J. LANG 


ABSTRACT 


The spectra of the elements As III,Sb III and Bi III have been partially analyzed 
by the use of the irregular doublet law and the Moseley law and the published data 
for the two preceding elements of each iso-electronic sequence. In As III and Bi III 
the important terms from the configurations ns*np, ns*nd, ns*(n+1)s have been 
located and with the exception of the quartet P terms, those from the msnp* con- 
figuration. (m is equal to 4 for As III, 5 for Sb III and 6 for Bi III.) In As III alone 
the *P term of the mp* configuration was found. The terms of Sb III located consist 
of some of those for the first three configurations only. 


HE spectra of arsenic, antimony and bismuth should be very similar 

and since those of the two preceding elements in each iso-electric se- 
quence have been partially analyzed it is possible to predict the doublet 
separations of the chief terms and the positions in the spectrum of some of 
the main line groups. References to the work of other investigators which 
has been used in this report are as follows: Ga I,' In I,! Tl I,' Ge II,? Sn II,’ 
Pb II.‘ 

Most of the wave-length measurements recorded were made on a two- 
meter grating mounted in a vacuum spectrograph using the hot spark 
between metallic electrodes as source, but a few of the longer wave-lengths 
are taken from Kayser’s Handbuch der Spektroskopie. The measurements 
for wave-lengths greater than 2000A are given in I.A. in air and for those 
less than this value in I.A. in vacuo. 

The most important configurations of the iso-electronic sequences and 
the important terms arising from them in order of decreasing stability are 
as follows: 


Configuration Term Configuration Terms 
n*s*np 2p ns np* ‘P 2D *P *§ 
ns*nd 2D np* *P 23) 4S 
ns?(n+-1)s 2S 


The first three rows on the left give the terms from the normal configuration 
(ns?) of the next higher ion, the first row on the right gives the terms from 
the (snp) configuration of the ion and in the second row are recorded those 
terms to be expected from (np*). 

Tables I, II, and III give the term values and classified lines in As III, 
Sb III and Bi III respectively. The terms in each case are divided into 


1 Fowler, “Report on Series in Line Spectra.” 

* Lang, Proc. Nat. Acad. Sci. 14, 32 (Jan., 1928). 

* Green and Loring, Phys. Rev. 30, 5 (Nov., 1927). 

4 Gieseler, Zeits. f. Physik 42, 4 (1927). 

* » has the value 4 for the first sequence, 5 for the second and 6 for the third. 
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odd and even and the configuration from which each arises is recorded. To 
save space, however, these configurations are not repeated in the designation 
of the lines in the first column of these tables. In order that it might be 


TaBLeE I. Term values and classified lines in the spectrum of As III. 


























= 
4 
Designation A(I A.) I v Av Odd Terms 
bS—SP; 4226.87 6 23652 722 Config- Term Values 
bS—5SP:2 4101.49 6 24374 uration 
5S—5P, 4037.17 15 24763 723 4P, 0 
5S—5SP2 3922.61 20 25486 4s*4p 4P, 2945 
5P,—6S 3255 .69 8 30706 723 5P, 131465 
5P,—6S 3180.78 5 31429 4s°5p 5P2 132185 
5P2—SD:z 2989 .54 2 33441 84 
5P:—SD; 2982 .00 15 33525 792 4p cP, 164284 
5P,—5D; 2926.32 10 34163 cP: 164121 
bP.—cP: 2151.58 4 46461 163 
bP.—cP, 2144.13 4 46624 2224 
bP, —cP 2053 .31 1 48685 Even Terms 
bP,—cP, — — (48848) 
Config- Term Values 
bD.—5P2 2133.89 1 46870 321 uration 
bD;—5P:2 2147.59 5 46549 72? 
bD.—SP, 2166.28 2 46148 4s*5s 5S 106700 
bD;—cP2 1274.28 8 78476 327 4s°6s 6S 162893 
bD.—cP:, 1268 .97 5 78803 162 
bD.—cP, 1266.39 30 78965 4s*4d 4D, 120684 
4D; 121168 
4P,—bD, 1214.00 3 82372 321 
4P,—bD; 1209.28 15 82693 2941 4s*5d 5D. 165631 
4P,—bD, 1172.15 12 85313 5Ds 165712 
4P,—5S 963.75 20 103760 2941 4s 4p? bD2 85316 
4P,-—5S 937.20 20 106701 bD; 85638 
4P,—bS 953.57 20 104869 2945 4s 4p? bP, 115435 
4P,—bS 927.52 20 107814 bP. 117659 
4P.,—bP, 888 .98 20 112488 
4P,—bP, 871.73 25 114714 2948 4s 4p? bS 107814 
4P,—bP, 866.28 15 115436 2946 
4P,—bP, 849.91 15 117660 
4P,—4D, 849.34 1 117739 484 
4P,—4D; 845 .86 2 118223 2939 
4P,—4D, 828.65 2 120678 
4P,—SD,; 614.73 0 162673 85 
4P,—5D; 614.41 3 162758 2942 
4P,—SD, 603.81 3 165615 














clear just which term is meant in any given case it was decided to use the 
total quantum number of the added electron for the terms arising from 
(ns?) of the higher ion, while in the case of terms from the state (nsnp) of 
the ion the letter } is used and for the terms from (p?) the letter c is used. 
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TABLE II. Term values and classified lines in the spectrum of Sb III. 
Designation A(I.A.) I v Av Odd Terms 
6S—6P 2 4352.25 6u =‘: 22970 to 
6S—6P, 4693.09 4u 21302 +—«*1668-: | Config a 
2, 
6P:-7S 3739.95 4u_-26730.7 ign 3 — ep poe 
6P,-—7S 3520.11 lu 28400.0 , 
GP:—6D, 3534.17 128287 om ee ene 
6P:—6D; 3504.79 15 28524 fig- 
6P;—6D; 3337.10 12 20957 +~—«1670:«|- Contig: von ae 
536s 6S 0 
5s*7s 7S 49702 
5s*6d 6D, 51259 
6D; 51496 
TABLE III. Term values and classified lines in the spectrum of Bi III. 
Designation A(1.A.) I v Av Odd Terms 
7P:—7D2 3708.51 6 26957 . 
7P:—7D, 3613.41 3527667710, Cnee aati 
7P,-—7D, 3115.20 20 32091 
P 0 
7S-7P, 3695.70 50 -27051.9 5133 9 atta oP 20373 
7S—T7P, 4561.33 40 21918 .2 : 
6P,—7S 1423.47 20 70251 6s°7 7P 112542 
6P,—7S 1103.46 15 90624 20373 | °S’P 1P. 117676 
6P;—6D 1350.16 15 74065 
6P:—6D; 1317.12 3075924 1859 Even Terms 
6P,—6D; 1058.88 20 94439 
Config- Term Values 
6P,—bD2 968 .82 10 103218 6s°7s 7S 90624 
6P.—bS 989 .87 12 101023 20373 6s°6d 6D: 94438 
6P,—bS 823.75 10 121396 6D; 96296 
6s°7d 7D; 144634 
7D; 145344 
6s 6p bD: 103218 
bD; 104513 
6s 6p? bS 121396 














All the terms found are doublets; the doublet notation has been omitted 
for the sake of simplicity. 

The results of the application of the irregular doublet law to the wave- 
number of the strongest lines in those multiplets which arise from inter- 
combinations of terms, the valence electrons for which have the same total 
quantum numbers, are shown in Table IV. 


It will be noted that for the 





740 R. J. LANG 


TABLE IV. Position of corresponding lines by the irregular doublet law 

















Line Spectrum v Av Line Spectrum v Av 
Ga I 33961 TI I 28407 
4P.—-4D, Gell 79242 pan 6P:-6D;_  PbIl 54912 ray 
AsIII 118223 Bi lll 75924 
Gal 7749 TL I 6888 
5P:-SD; Gell 20764 aaa 7P;—7D; PbII 15236 ae 
AsIII 32525 Bi lll 27667 
Ga I 8373 TI I 8683 
SS-SP, Gell 16963 8300 7S—7P, Pbit 1822434 
AsIII 25486 523 Bi lll 27052 
In I 30703 
5P:-5D;  SnIl 67793 3/090 
Sb III a ia 
In I 6900 
6P:—6D;  SnIl 17969 — 
Sb III 28524 
In I 7775 
6S—6P, SnIl 15492 i 
Sb III 22970 








TABLE V. Screening constants and differences by Sommerfeld formula. 














Term Spectrum Av o2 A Term Spectrum Av o2 A 
Ga I 826 19.40 1.44 Ti I 7793 53.43 3.40 
4P Gell 1768 17.96 090 6P Pb Il 14070 50.03 3.08 
As III 2943 17.06 : Bi Ill 20373 47.95 ; 
Ga I 108 22.76 1.90 TI I 1001 62.47 5.46 
5P Gell 360 20.86 111 7P Pb II 2813 58.01 3.89 
As III 722 19.75 ; Bi III 5134 54.12 ; 
Ga I 6 26.54 4.91 Ti I 82.0 62.95 — 
4D Gell 176 21.63 1.59 6D Pb II — — 
As Ill 484 20 .04 ; Bi III 1859 57.80 — 
Ga I 9 25.17 1.74 TI I 37.5 71.48 791 
5D Gell 42 23 .43 0 66 7D Pb II 29.9 63 .97 3.32 
As III 85 22.77 , Bi Ill 712 60.65 ' 
In I 2212 31.45 2.12 
5P Snll 4253 29 .33 (1.70) 
Sb III (6960) (27.62) ' 
In I 292 36.86 2 86 
6P Snill 884 34.00 1.75 
Sb III 1668 32.25 , 
In I 23.5 36.66 3.63 
5D Snll 644 33 .03 (400) 
Sb III (1815) (29.00) , 
In I 50 40.05 2.52 
6D Snll 109 37.53 1.77 
Sb III 237 35 .86 . 
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nS —nFP lines the doublet law holds very accurately in all the three sequences 
but in the case of the mP—mD lines the differences A are quite irregular in 
the case of the lower quantum numbers (i.e., 4P:— 4D; in the first sequence) 
while for the higher quantum numbers the results are quite uniform with 
the exception of the last sequence. As is stated below in connection with 
the screening constants it appears that the lines of the 6P—6D multiplet 
in Pb II may have been wrongly chosen. It should be stated here that the 
same failure of the irregular doublet law occurs for the 3P2—3D,; lines in 
the sequence Al I, Si II, Pb III. That the failure is connected with the D 
terms may easily be seen by plotting (v/R)'/* against atomic number for 
these terms. 

Table V gives a record of the screening constants for the doublet terms 
from the (ms?) ion as calculated by Sommerfeld’s formula 


Av = Ra*(Z —o2)*/n'l(1+1) . 


THE CALCULATION OF TERM VALUES 


The term values in this paper have been calculated by making the value 
of the lowest term for each element zero. This method was finally adopted 
because it was found impossible to arrive at any absolute value for the 
terms which was not open to serious objection. 

















TABLE VI. 
Terms Diff. Term Value Relative Term Value Value of re Term 

4P, 

5S 
12797 5S 24000 24788 48790 

6S 

4P, 
Ga I " 40376 4P 49400 0 49400 

6P; 
3068 6P 8050 40375 48425 

7P, 

4D, 
6021 4D 13370 34782 48150 

5D, 

5S 
32378 5S 67020 62402 129420 

6S 

4P, 
Ge II 79005 4P 134760 0 134760 

5P; 

4D; 
19254 4D 45120 80834 125950 

5D; 

5S 
56193 5S 123642 106700 230340 

6S 

4P,; 
As III 131465 4P 238275 0 238275 

5P, 

4D; 
44947 4D 104382 120684 225070 
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The usual method of arriving at absolute term values is by applying a 
Rydberg or Ritz formula to the wave-numbers of several measured lines 
which form a series converging to one limit. This method is well known to be 
very exact if a sufficient number of lines of one series can be measured but 
in these spectra, as in nearly all spectra of higher order, not more than two 
lines of any one series are known. To show that in such a case it is useless 
to attempt to calculate absolute term values with accuracy I have taken as 
an example these spectra of Ga I, Ge II and As III. In Table VI, column 
two gives the differences between the two terms of the same sequence, which 
of course is independent of any chosen values for these terms, column three 
gives the value of the lower of the two terms derived from these differences 
by the use of a simple Rydberg table, and column four shows the relative 
values of the terms based upon the lowest term given zero value. In the 
last column of the table are recorded the absolute values for the lowest term 
calculated by assuming the Rydberg formula to hold, first for the two S 
terms, then for the two P terms and lastly for the two D terms. In the case 
of Ga I the second P term is unknown and here the first and third P terms 
and also the third and fourth are used. 

Table VI makes it clearly evident that the values of the lowest term 
(4P,) arrived at by this method differ very largely depending upon whether 
the S, P or D terms are used in the calculation. In Gal the 6P and 7P 
terms are known and from these we can arrive at a value for 4P, which is 
probably nearest to the correct value. When this is done we see that in Ga I 
the first P terms give a value which is much too high and also the first two 
S terms give too large a value while the first two D terms give probably a 
somewhat low value but one which is likely to be nearer the correct value. 
We may perhaps conclude that the most probable value for the lowest term 
lies between those given by the first two S terms and the first two D terms 
and somewhat nearer the latter. 

In Table VII the most probable values for the lowest terms of the three 
elements of the iso-electronic sequence are given as arrived at in this way 
together with an estimation of the error in each and a value for the ionization 


TABLE VII. Most probable values of lowest terms and ionization potentials. 














Spectrum Lowest term value Ionization potential, 
(cm™) (volts) 

Ga I 48350 +50 5.97+0.07 

Ge II 127000 + 500 15.6 +0.1 

As Ill 226500 + 1500 28.0 +0.2 

Bi III 210000 + 2000 25.9 +0.3 











potential in volts. In the table will also be found an estimate of the lowest 
term P, of Bi III by means of the same method but since the 5P term of 
Sb III is still unknown no estimate has been made here but 6S has been 
made equal to zero. 














SPECTRA OF As III, Sb III AND Bi III 743 


Another method which has been suggested for arriving at the approxi- 
mate values for the terms when few terms are known is to make the Rydberg 
denominators for the first S terms in an iso-electronic sequence increase by 
equal amounts. This method when applied to the case in hand gives about 
the same values for the lowest terms as were arrived at by the method out- 
lined above. Here one must, however, assume that the term values for at 
least one element in the sequence are known with sufficient accuracy so that 
usually one cannot arrive by this method at very accurate values for the 
terms. Even in cases where several terms of the same series are known with 
fair accuracy as is the case in Ga I still a sequence of S terms gives a value 
considerably larger than a sequence of D terms. 

A brief discussion of each of the spectra investigated will now be given. 


SPECTRUM OF As III 


This spectrum seems quite regular as shown in Tables IV, V and VI 
with the possible exception of the 2D terms. It will be found that this 
irregularity is a prominent feature of all of the D terms in all three sequences. 
It is to be expected also that the lines of this multiplet would appear with 
much more intensity than those recorded in Table I. 

The cP terms are doubtful and in connection with the combination of 
these terms with 5D and bP a peculiar situation was found which may be 
worth recording. Besides the intercombination of cP with each of these 
two terms bD and bP which have been recorded in Table I, three lines were 
found which agree within experimental error with the values expected for 
an intercombination between the DD and bP terms themselves. It will be 
seen that not only are the values rather accurate but the intensity rules are 
obeyed as well. 

r I v (obs) _ »p (cal) 
bD:—bP, 3319.25 (1) 30119 30119 
bD;— bP,» 3122.06 (4) 32020 32021 
bD.— bP» 3091.18 (3) 32340 32343 


The wave-lengths were taken from Kayser’s Handbuch der Spektros- 
kopie, Vol. V, and occur in the spectrum from a Geissler tube in which it 
appears the spectral lines of these doubly-ionized atoms frequently occur. 
The occurrence of these lines with wave-lengths so accurately of the pre- 
dicted value may be accidental or it may mean that one of these terms should 
be really an odd term and that then one of the combinations with cP is unreal. 

The author is greatly indebted to Dr. R. A. Sawyer for his kindness in 
putting the wave-length measurements of arsenic made on the vacuum 
spectrograph at the University of Michigan at his disposal and also for point- 
ing out to him the significance of the strong doublet at \953A. 


SPECTRUM OF Ss III 


Two pairs of lines which evidently belong to this spectrum have been 
already given,’ the less refrangible pair of which has been classified here as 


5’ Nayaran and Rao, Nature, 120, (July, 1927). 
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6S —6P while the other falls at 4590 and 4265A. Several further pairs having 
this 6P separation have now been located including the other two listed in 
Table II. One of those not yet classified lies in the far infra-red*® at 12118.9 
and 10079.9A and several pairs were found in the far ultra-violet. Professor 
Green has very kindly taken the Zeeman pattern of the lines of the three 
groups of Table II and finds qualitative agreement with the classification 
there given except for the first group which does not seem to show quite the 
characteristics of a Principal pair. The same, however, may be said for the 
other pair at 4590 and 4265A but it would seem that these constitute about 
the only choice for this Principal doublet and so the pair shown in Table II 
has been tentatively assigned to 6S—6P until further information can be 
obtained. 

The 5P terms of this spectrum could not be located with any degree of 
certainty. It was found that a value of Ay=8100, approximately, occurs 
quite frequently and it is easy to build up a plausible scheme on this basis 
but such a value seems much too large for the 5P separation as compared 
with In I and Sn II. Until this doublet term can be located it is not possible 
to proceed to the terms of the (sp?) configuration. It may be stated that in 
the spectrum of the hot spark between 600 and 1200A there are some sixty 
lines with intensities ranging from (10) to (50) and it would seem certain that 
before very much progress can be made in the analysis of these complex 
spectra some means must be devised which will separate the lines in the 
extreme ultra-violet into classes corresponding more or less closely to the 
various stages of ionization of the atom. Such a method will of course need 
to be adapted to elements which exist normally in the solid state. 


SPECTRUM OF Bi III 


This spectrum probably cannot be classified in a completely satisfactory 
manner until certain further information is available concerning the spectrum 
of Pb II. The reality of the two levels classified as 6D, and 6D; in Pb II 
appears to be well established but it would be indeed surprising to find in 
this one-electron spectrum an inverted doublet with a separation of 776 cm. 
The two configurations (6s6p*) and (6s*6d) are expected to give rise altogether 
to four levels with j = 2 lying in the same neighborhood. Three of these have 
heen found; it appears quite possible that the missing one is 6Dz2. 

On the other hand it is quite possible on the basis of separations and 
intensity relations alone to find a possible multiplet in Bi III which could 
arise from inverted D terms simply by substituting the line 1394.05(20)71733 
for the line 1317.12(30)75924 in the multiplet given in Table III. 

In regard to 7P—7D it seems probable that the faint multiplet in Pb II 
has been classified incorrectly since the 7D term so obtained does not give 
a6P—7D multiplet in the author’s table of wave-lengths of the ultra-violet. 
There is a group of lines in the spectrum of Pb which may possibly be 6P —7D 
as follows: 


* Randall, Astrophys. J. 34, (July, 1911). 
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» I v 
1279.44 15 78159 
1274.56 10 78458 
1080 . 84 2 92521 


Of course this group is open to the same criticism which was made of 6P —6D 
above. 

In conclusion the author wishes to convey to Dr. Goudsmit and to Dr. 
Mack of the University of Michigan his sincere thanks for very helpful 
criticisms in connection with the writing of this report and to express to the 


Research Council of Canada his appreciation of a grant for carrying on this 
research. 


UNIVERSITY OF ALBERTA, 
EDMONTON, CANADA. 
July 25, 1928. 


Note added Oct. 18.—The author takes this opportunity to thank Dr. 
C. W. Gartlein of Cornell University for allowing him the use of his very 
extensive measurements of the spectrum of arsenic. 
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A STUDY OF THE ENERGY RELATIONS IN 
THE HELIUM SPECTRUM 


By I. CtypE CornoG 





ABSTRACT 


Intensity variation at critical points in the helium spectrum.—Photographs of 
the helium spectrum produced in an equipotential space using an equipotential 
cathode have been studied photometrically in order to determine the variation of line 
intensities on passing the various critical potentials. The results here reported cover 
the 54.2 volt point, at which double ionization is first possible. Spectra were taken 
at suitable values between 50 and 60 volts, often at intervals of 0.1 volt. The plates 
show a marked maximum of intensity near 54.2 volts for all lines measured. 


INTRODUCTION 


NLY a small amount of quantitative work seems to have been done 

on the relations between line intensity and accelerating difference of 
potential in helium. Among the early investigations is that of Richardson 
and Bazzoni.! Later work is that of Bazzoni and Lay,? and of Hughes and 
Lowe.* These investigations are all characterized by the use of non-equi- 
potential cathodes. 

The object of the present investigation is to study further the relations 
between the lines of the helium spectrum as functions of the accelerating 
difference of potential alone, particularly in the neighborhoods of the critical 
points of the gas. This report has to do with the 54.2 volt critical point, at 
which value of the accelerating P.D. the complete enhanced spectrum of 
helium first appears. 


APPARATUS 


The discharge chamber is shown in Fig. 1. It is of blown quartz, with a 
window of optical quartz fused on at W. Projecting downward is a charcoal 
tube O which may be inserted into a liquid air bath. At D is a Hale-Pirani 
resistance pressure gauge, which was used to follow pressure changes in the 
gas, and next to this was a stop-cock by means of which the discharge tube 
could be cut off from the rest of the apparatus. The two leads L and L, of 
No. 14 B. & S. nickel wire, support both cathode and anode. These leads 
are firmly waxed to the ground stopper F, which is in turn sealed into the 
tube with Pizien cement. The support D for the anode K is fastened to the 
insulated clamp A’ and is insulated with mica from both clamp and anode. 

The anode and cathode are shown in Fig. 2. The cathode proper is a 
cylinder made of 0.005 in. (0.0127 cm) sheet nickel and is about 0.6 in. 
(1.52 cm) long and 0.040 in. (0.1016 cm) inside diameter. It is fastened to 


1 Richardson and Bazzoni, Nature, 88, 5 (1916). 
? Bazzoni and Lay, Phys. Rev. 23, 327 (1924). 
* Hughes and Lowe, Proc. Roy. Soc. A104 (1923). 
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the heavy nickel tips of the leads Z and L by means of a screw at each end, 
and is insulated from one tip by means of mica. This cathode has a pin 
stripe of a mixture of 60 percent barium oxide and 40 percent strontium oxide 
painted down the part of its area that faces the anode. The active substance 
is applied as a finely divided suspension of the hydroxides in water. The 
cylinder is heated by means of a tungsten wire of 0.015 in. (0.381 cm) di- 
ameter that passes axially through it. This filament is fastened to one tip 
by a set screw and is held straight by a small spring S on the other tip. This 
cathode represents the only highly successful one of several types that were 
tried. 


SIDE VIEW : 
f ag l 








l SBE 


0 — 
SCA A 
PUMPS 0 Lé 4 ound . | 
TOP view gk alll we 


























pu. B 
= a 























L ’ 
Sanaa + — Q SCALE 5 
u CMS. 
Fig. 1. The discharge chamber. Fig. 2. The anode and cathode. 


The anode K is a pill box of thin nickel. In the front of this, facing the 
cathode, is a rectangular opening 1.5 cmX0.5 cm, which is covered with 
80-mesh nickel gauze and through which electrons can pass into the box. 
A second opening, for spectrographic examination of the radiation within 
the box, is in front of the window W. The interior of the box is covered 
with camphor soot to prevent reflection. The window W is shielded from 
the visible cathode radiation by means of a shield fixed to the box. For best 
working conditions the anode is placed 1.25 mm from the cathode. 

The spectrometer used was a Type E Hilger spectrometer giving a 30 
inch spectrum. It accommodated 10-inch plates and as many as 17 spectra 
have been photographed on the same plate. The latter procedure gave rise 
to pre-exposure of the plate, which will be referred to later. The optical 
system was quartz throughout. The slit of the instrument was placed less 
than a millimeter distant from the window W, and in front of the most 
uniform part of the glow seen through the window K. 

The microphotometer used to determine the relative densities of the line 
images on the plates was constructed during the investigation. It is essen- 
tially the same as that of Moll,‘ Harrison,’ and Barnes,’ although non- 
recording. Two outstanding characteristics of the instrument are the use 


* Moll, Phys. Soc. Lond. Proc. 33 (1921). 
5 Harrison, J.0.S.A. 10, (1925). 
* Barnes, J.0.S.A. 15 (Dec. 1927). 
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of a Moll vacuum thermo-element, which gives a highly desirable instru- 
mental stability, and the fact that the very narrow slit (0.1 mm to 0.2 mm) 
can be placed so that it touches the photographic film. 

The precision of the instrument was entirely satisfactory. In seven abso- 
lutely independent measurements on a given line-image, the greatest differ- 
ence between readings was 0.4 percent of the smallest reading. This is the 
greatest value of the percent error encountered in the photometric measure- 
ments. However, an examination of the literature pertaining to the use of 
the photographic plate for intensity measurements’ shows that the real limi- 
tation of precision in such work is in the plate itself. With the most careful 
procedure the resulting precision lies between 1 and 4 percent. 


PROCEDURE 


The usual high vacuum technique was employed in evacuating the 
system. The anode was held for a sufficiently long time at red heat by means 
of an induction furnace, and filament and cathode were held for several 
hours at a temperature considerably higher than their working temperature. 
Pressures of the order of 10-* mm of mercury were obtained in the cleaned 
apparatus. 

The helium used was from a lot supplied by the Bureau of Mines, the 
original source being natural gas. The gas was allowed to stand for 15 to 
20 minutes surrounded by liquid air and was then admitted very slowly to 
the apparatus through a capillary tube. It passed through two charcoal 
traps and through two U traps, all under liquid air, into the tube, whose 
charcoal trap was also thus cooled. In the cases of a great many specimens 
of helium admitted to the discharge chamber, the presence of mercury vapor 
or of any other gases could not be detected spectroscopically, either before 
use or after many hours of use. Samples of gas have been held during use 
for as long as five days, always under liquid air, after which plates of as long 
as an hour exposure have shown no lines other than those of helium. 

The procedure of exposure was as follows: Having determined the 
product of accelerating P.D., electron current, and time of exposure (VIT) 
which would give a suitable photographic plate corresponding to the con- 
ditions existing within the apparatus, the electron current was thereafter 
kept, by manipulation of cathode temperature, at the same value during 
the exposure of a plate which might have on it, finally, a dozen or more 
spectra, each photographed under unique voltage conditions. For each of 
these spectra there was an assigned value of P.D., the time of exposure 
being determined in such a way that the product (VIT) was the same for 
all. In this way the same amount of energy was supplied to the arc, and 
presumably to the plate, during the exposure for each of the spectra that 
appeared on the plate. Provided that the configuration of discharge does 
not change with time or with potential adjustments thus affecting the 


™ Monographs on the Theory of Photography, from the Research Laboratory of the 
Eastman Kodak Co., No. 5, “The Physics of the Photographic Image,” F. E. Ross. D. Van 
Nostrand Co. (1924). 
Bureau of Standards Bull. No. 439, (May 5, 1922). 
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luminosity of that part of the discharge in front of the spectrometer slit, and 
providing that other conditions including pressure remain fixed, it is assumed 
that the intensity of a given line in the source remains the same so long as 
the accelerating P.D. and the electron current remain the same. 

The accelerating P.D. used varied between 50 and 60 volts.In the 
neighborhood of the critical point (54.2 volts) the variation was by 0.1 volt 
steps. Any given value, as measured with a Weston Standard voltmeter, 
could be held well within +0.1 volt. The voltmeter of course measured the 
total P.D. between its terminals, which might be different from the accelerat- 
ing P.D. To determine the true value of the latter the relation between 
voltmeter reading and electron current in the neighborhood of the 24.5 volt 
ionization point was plotted. In this curve a sharp break occurs at the 
ionization point, and the difference between the accepted value of this P.D. 
and the break-point value shown on the curve gives the total voltmeter 
correction for the particular cathode arrangement used. There seems to 
be no reason to suppose the correction at 24.5 volts to be different from 
that at 54.2 volts. This correction for the particular cathode described here 
was 0.0 volts, the possible error being considerably less than +0.1 volt. 

It was-found that if the conditions of the initial exposure were repeated 
at intervals during the production of a plate having on it several spectra, 
the corresponding measured values of the intensity of a given line fell off 
progressively in value. It would seem, therefore, that the measured in- 
tensities of all lines need some correction in order to give the true values. 
To determine this correction the conditions of the initial exposure on any 
particular plate were repeated five times during a run of, say, sixteen ex- 
posures. The difference between the measured intensity of any one of these 
repeated values and that of the initial value gave the correction to be applied 
in order to get the true value of the intensity of the line under consideration. 
The time from the beginning of the first exposure to the mid-point of each 
individual exposure was known. The above corrections plotted against the 
corresponding times from the start gave a correction curve for the particular 
wave-length in question. To get the correction for a given line image, it was 
necessary only to use its time of exposure referred to the start in conjunction 
with its particular correction curve. These corrections varied up to 25 percent 
of the measured value of the intensity in the case of plates during the ex- 
posure of which the arc ran for two hours. For a plate of six hours arc time 
the correction might be as high as 100 percent of the measured intensity. 

This effect was at first ascribed to change in gas pressure, but tests made 
with the Hale-Pirani®.’ resistance pressure gauge showed no changes of 
pressure as great as 1 percent of that within the tube. Neither could the 
effect be due to the decay of the active cathode deposit, since the electron 
current was maintained at a constant value. It was finally shown con- 
clusively that the effect is due to exposure of the plate in the spectrometer 


* High Vacuum, S. Dushman, Pub. by General Electric Review (1922). 
* Skellett, J.0.S.A. 15, (July 1927). 
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Fig. 3. A typical correction curve 
and the corresponding corrected curve 
for the variation of intensity of a spec- 
tral line with voltage. 
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to light scattered or reflected over its face outside the zone of the principal 
image. The net effect of this pre-exposure is equivalent to a progressive 
decrease of plate sensitivity with time. This observation has an important 
bearing on the use of spectrometers of this kind for photometric work in 
all cases where there is a possibility of scattering of light over the face of the 
plate. Our tests show that this difficulty is effectively remedied by the use 
of a light-proof diaphragm placed directly against the emulsion in such a 
way as to permit exposure of only one part of the plate. These diaphragms 
were not used in the work upon which this report is based. It seems, however, 
entirely legitimate to apply the correction curves as above described to the 
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The corrected values of the intensity of 
each spectral line having been obtained (all 
for the same wave-length), these were 
plotted against the corresponding cor- 
rected accelerating potential differences. 
Fig. 3 shows a typical correction curve and 
the corresponding corrected curve. Figs. 
4A and 4B show typical uncorrected curves. 

So far most of the photographs have 
been made on Eastman “Speedway” plates. 
Time development was carried out accord- 
ing to data for “Rodinol,” the developer 
used, and the tray was rocked throughout. 

The gas pressure at which this work 
was done was 0.33 mm of mercury, which 
was read on a McLeod gauge. 
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ENERGY RELATIONS IN HELIUM SPECTRUM 


RESULTS 


A study of the spectral line \4713A as it appears on four different plates | 
is shown in Figs. 5A and 5B. These plates are independent in every way, ! 
with the exception that the same sample of gas was used for plates 75 and | 
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Figs. 5A, 5B. Variation of intensity of \4713A with voltage. 


78, although these were taken on different days. The curves are plotted 

between line intensity corrected as explained above and the corresponding 

accelerating potential differences. 
Figs. 6A and 6B show a group of characteristic corrected curves, all 

from plate 75 and for the lines 
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Figs. 6A, 6B. Variation of intensity of \\4922, 3614, 4713, and 4437 with voltage. 
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It is difficult at the present time to offer any adequate theoretical ex- 
planation relating these intensity changes to the contributory causes. The 
changes are, in part at least, dependent upon the number of atoms per cubic 
centimeter, the number of states of ionization existing coincidentally among 
the atoms, and the distribution of kinetic energy among the impinging elec- 
trons. When the accelerating P.D. is the critical one of 54.2 volts, the 
spectrum intensity relations are further complicated by the energy dis- 
tribution in the newly appearing enhanced series. The remarkable peak 
that occurs in these intensity curves at this critical P.D. has to do with the 
sudden rearrangement of spectral energy relations and is apparently sig- 
nificant. Just what its significance is, however, does not appear at the 
present stage of the investigation. 

The curves in Figs. 4A and 4B, all for the line \4713A, are plotted from 
the same original measurements as are the curves in Figs. 5A and 5B but 
without correcting the photometer measurements as described above. It 
will be noted that on plates 75 and 79 well defined.maxima are nevertheless 
observable in the neighborhood of the 54.2 volt point. Plates 78 and 80 
admit of the possibility of such maxima, but these plates were unsatisfactory, 
first, because the points were not chosen in such a way as to show a maximum 
if such did exist, and second, because the respective correction curves show 
that the conditions within the tube during the exposure were not steady. 
It might be remarked at this point that the correction curve represents 
a net effect consisting of at least two components, viz., the pre-exposure 
effect commented upon above, which probably follows some logarithmic 
law, and any accidental fluctuation in the intensity and configuration of 
the arc. Even so, there is in each of these curves a well defined change of 
slope at the 54.2 volt point. 

The work and results described in this report were first presented under 
the same title at the Washington, D. C., meeting of the American Physical 
Society, April 28 and 29, 1928.1° 

In conclusion, I wish to express my appreciation of the unremitting labor 
of my colleague, Mr. J. T. Lay, and of the equally sincere and helpful interest 
of Professor C. B. Bazzoni. 


RANDAL MorGAN LABORATORY OF PHysICcs, 
UNIVERSITY OF PENNSYLVANIA, 
May 1, 1928. 


10 Cornog, Lay, and Bazzoni, Phys. Rev. 31, 1109 (1928). 
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THE FINE STRUCTURE OF THE SHARP SERIES TRIPLET, 
2°Po1,2—2°S:1, OF OPTICALLY EXCITED MERCURY 
RADIATION 


By E. Hospart CoLiins 


ABSTRACT 


Measurements on the fine structure of the sharp series triplet, lines of wave- 
lengths \A5461, 4358 and 4047 were made with two Lummer-Gehrcke plates under 
two conditions of optical excitation. The first condition of optical excitation was 
obtained by having mercury vapor only in the resonance tube, giving excitation 
by absorption of 44358, the second by having mercury vapor with nitrogen present 
at a pressure of 2 to4 mm, giving excitation by absorption of both 44358 and 4047. 
For the first condition of excitation the wave-length differences in milli-angstroms are 
for 45461, dd0; for 44358, dA—157, —107, —20, 0, +30, +46, +183; for 44047, 
d\—116, —62, —52, 0. For the second condition the wave-length differences are 
for 45461, dA\—235, 0; for 44358, dA—107, —20, 0, +30, +183; for 44047, d\—110, 
—62, —53, 0. Certain fine structure energy differences of interest in the construction 
of energy diagrams are pointed out but it was not found possible with the data 
available to construct a complete energy diagram of the triplet. A comparison of 
the fine structure observed under the two conditions of optical excitation with one 
another and with the fine structure of the arc shows striking differences which make it 
evident that differences in fine structure exist which depend on the method of excita- 
tion. 


INTRODUCTION 


HERE is at present no theory which offers a completely satisfactory 

explanation of the fine structure of the spectral lines. Ruark and Che- 
nault! have proposed the introduction of a fifth or fine quantum number 
and a selection principle to account for certain fine structures. However, 
they have proposed no kinematical interpretation of this fine quantum 
number, unless we accept a vague suggestion that it may be associated in 
some way with differences in configuration of the underlying electron shells. 
More recently MacNair? and Fraulein Schrammen® have devised energy 
levels which account in a satisfactory way for their observations on the fine 
structure of a large number of cadmium lines. These level schemes, however, 
have not been unique and at present there is no way of deciding among the 
various possibilities. 

Pauli* has suggested that an appropriate moment associated with the 
nucleus of the atom may account for some types of fine structure. He has 
also pointed out that such a model would imply the existence of phenomena 
of the same nature as the Paschen-Back effect, and in support of this has 
cited Nagaoka’s observations on the Zeeman effect of the 2°Po1,2.—2°S; 


1 Ruark and Chenault, Phil. Mag. 50, 937 (1925). 
2 MacNair, Phil. Mag. 2, 613 (1926). 

3? Schrammen, Ann. d. Physik 83, 1161 (1927). 

‘ Pauli, Naturwissenschaften 12, 741 (1924). 
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mercury triplet. Back and Goudsmit® have shown that the fine structure 
of the bismuth spectrum and its very complex Zeeman effect may be success- 
fully accounted for if it is assumed that the bismuth nucleus possesses a 
mechanical moment of (9/2)(4/27). It does not appear, however, that the 
fine structure of the mercury spectrum is to be accounted for in this way. 
Goudsmit® has pointed out that on the nucleus spin hypothesis 42537 should 
have at most three components and that these should show three types of 
Zeeman effect in weak fields. Actually the line has five components, three of 
which show a 3/2 normal Zeeman effect. 

The primary object of the present investigation was to learn whether fine 
structure patterns could be made to vary by changing the method of excita- 
tion. It was not expected that the method used would be adapted to accurate 
determination of wave-length differences, because of the long exposures 
required and the impairment of definition in the interference patterns of 
the Lummer-Gehrcke plates occasioned by slight and almost unavoidable 
temperature changes. The results of Nagaoka’ (the data used by Ruark®) 
for the fine structure of these lines in the ordinary arc were accepted, and 
an attempt was made to identify the various components observed with 
one or another of the accepted patterns. In general this succeeded very well, 
the observed wave-length differences agreeing quite closely with those found 
by Nagaoka. 

The possibility of different methods of excitation was provided by some 
beautiful experiments of Fuchtbauer,® upon the optically excited spectrum 
of mercury. These experiments were later greatly amplified and extended 
by R. W. Wood,!° who showed, for example, that there were several ways 
of raising an electron to the 2°S, level by optical means. The experiments 
now presented show that the fine structure of the lines emitted when the 
electron falls to the 2*Po 1,2 levels are different for the different ways in which 
the electron may be raised to the 2°S, level initially. 

The two conditions of optical excitation, under which the fine structure 
of the 2*Po1,.2—2°S,; triplet has been observed, are: 

A. Absorption by mercury vapor in the absence of any foreign gases; 

B. Absorption by mercury vapor in the presence of nitrogen at a pressure 
of from 2 to 4 mm of mercury. 

Under the condition A the 2°S, level is reached by the absorption of 
2537 followed by the absorption of \4358. Absorption of \4047 and A5461 
is negligible.’° 

Under condition B some electrons reaching the 2°P; level are spilled over 
into the 2*P, level by collision with nitrogen molecules and the concentration 


5 Back and Goudsmit, Phys. Rev. 31, 1125 (1928). 

* Letter from Dr. S. Goudsmit. 

7 Nagoaka, Proc. Phy. Soc. London, 39, 91 (1917). 

® Ruark, Phil. Mag. 1, 980 (1926). 

* Fuchtbauer, Phys. Zeits. 21, 635 (1920). 

10 Wood, Proc. Roy. Soc. A106, 679 (1924); Phil. Mag. 50, 774 (1925) and Phil. Mag. 4, 
466 (1927). 
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of atoms in this metastable state becomes great enough that the absorption 
of \4047 is as great or greater than that of \4358. Absorption of \5461 is 
still negligible. Under this condition, then, electrons reach the 2°S, level 
from either the 2°P; or the 2*P, level. There is also evidence" that some 
electrons may reach the 2°S, level directly from the 3°D levels and it appears 
that this process plays an important role in the interpretation of results. 


APPARATUS 


The general arrangement of apparatus is shown in Fig. 1. The resonance 
tube A was a quartz tube one inch in diameter and about six inches long, 
sealed by a graded seal to a Pyrex tube of the same diameter. It was made 
horn shaped to minimize reflected light and was painted black except for 
a two inch space which admitted light from two mercury arcs. Self reversal 
of the lines emitted by the exciting arcs was avoided by water-cooling these 
and by forcing the discharge close to their 








walls by means of two small magnets. The E * 
end of the resonance tube was sealed by a . cm on 
carefully polished disk of fused quartz cut “ag > Tagaua 
to fit the inner diameter of the tube. By N Neo pram 
means of a pointed oxygen-hydrogen flame g tccmqralts gts ideal 
the walls of the tube and the end of the disk 
were heated and fused together. Care was | 
taken to keep the center of the inner to pump nf 
surface of the quartz plate undisturbed ic 

° ° A Ly M 
and free from any deposit of oxide caused 0 <— 1D 


by the hot flame. After the seal was made 
and tested, the outside of the quartz was 
ground and polished again. 

The end of the tube was painted black except for an aperture of such 
size that no scattered light from the walls of the tube could enter the lens 
L, which focused the light on the collimator. An asbestos screen C kept direct 
light from the arcs from entering the rest of the apparatus. 

The optically excited radiation was focussed on the collimator slit of a 
Hilger monochromator M. For most of the measurements the lens and slit 
of the telescope were removed and the parallel beam of light from the prism 
of the monochromator passed directly through a nicol prism into the 
Lummer-Gehrcke plate. A less satisfactory method was to use the telescope 
and second slit of the monochromator, with a cylindrical lens placed at its 
focal distance from the slit with its axis parallel to the slit, so that it rendered 
the emergent rays parallel in the plane of the Lummer-Gehrcke plate and 
made possible the focussing of the slit of the monochromator on the photo- 
graphic plate. 

The Lummer-Gehrcke plate was placed in a horizontal position with 
just sufficient tilt to bring the maximum of intensity into the lower orders 


Fig. 1. Arrangement of apparatus. 


11 Wood, Phil. Mag. 4, 480 (1927). 
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of the interference pattern. Back of the Lummer-Gehrcke plate an achro- 
matic lens focussed the light onto a photographic plate. The Lummer- 
Gehrcke plate and camera were rigidly mounted on a five inch “I” beam. 
The Lummer-Gehrcke plates were those used by Ellett and MacNair.” 
Their thicknesses and order separations are given in Table I below. 


TABLE I. Data relative to the Lummer-Gehrcke plates. 











Plate Thickness (cm) Order separations 
45461 44358 


0.189A 0.117A 
0.248A 0.153A 


4047 


0.101A 
0.131A 
























0.492 








All the apparatus was mounted in a constant temperature room. For 
exposures of less than six hours the extreme variation in temperature of the 
room was less than 0.2°C; for exposures of twenty to thirty hours, the ex- 
treme variation in temperature was less than 0.4°C. The Lummer-Gehrcke 
plates were insulated by several coverings to damp out the small temperature 
fluctuations, and their temperature, inasmuch as sharp lines were obtained 
certainly varied much less than that of the room. 




















RESULTS AND DISCUSSION 


The data obtained for both conditions of excitation for the lines \5461, 
44358 and \4047 are given in Tables II, III and IV. The use of two Lummer- 
Gehrcke plates with different thicknesses made possible the determination, 
with considerable accuracy, of the wave-length differences. The interpreta- 
tions are made more certain since, as mentioned above, we expect the com- 
ponents observed in the optically excited radiation to have nearly the same 
wave-length as those observed in the mercury arc. For purposes of com- 
parison the fine structure of the mercury arc as observed by Nagoaka’ is 
given in the first column. The intensities are merely visual estimates. 


TABLE II. Data for 5461. 











Arc Condition A Condition B 

dd dx dy 
Milli- Estimated Milli- dv Estimated Milli- dv 
Angstroms Intensities Angstroms cm Intensities Angstroms cm 





10 —235 +785 

















2 Ellett and MacNair, Proc. Nat. Acad. 13, 583 (1927) and Phys. Rev. 30, 180 (1928). 
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In Table II are given the results for the green line 45461. This line under 
condition A is single; a surprising result when we consider that the fine 
structure of the arc line shows 12 components. A thirty-one hour exposure 
of a film sensitized for green by an erythrozine dye™ gave a sharp, intense 
and over-exposed single component but failed to reveal other components. 

In condition B there were two components of about equal intensity 
with a wave-length difference of 0.235A, and since this agrees within experi- 
mental error with the difference between 0 and —0.237A components of the 
arc, these values were assigned. The single component of condition A is 
then very probably the zero component of the arc line. On one spectrogram 
only two very weak components which could not be assigned a definite 
wave-length were observed. These latter may have been due to peculiar 
conditions existing in the source of light or possibly to a small amount of 
stray light. 

The results for \4358 are given in Table III. It appears from this table 
that only a few of the components observed in the fine structure of the 
mercury arc line \4358 appear in the fine structure of the optically excited 
line. Most of those observed agree closely in wave-length with the published 





a c e 


Fig. 2. Enlargements of selected spectrograms. 


measurements of the arc line. The wave-length differences assigned to the 
components of (4358 in condition B are the result of measurements taken 
with the thin Lummer-Gehrcke plate only, the selection of wave-length 
differences being made so as to account for the overlapping of orders on the 
spectrogram taken with the thick Lummer-Gehrcke plate. (See Fig. 2d.) 

The Lummer-Gehrcke patterns for \4047 taken under the two conditions 
of excitation show the same lines. The measurements are given in Table IV. 

Five enlargements of selected spectrograms are presented in Fig. 2. 
Spectrograms a and b show the appearance of the green line, 45461, under 
the two conditions A and B respectively. The spectrogram } showing the 
0 and —0.235A components was taken with the thicker Lummer-Gehrcke 
plate, with an order separation for 45461 of 0.189A. With the thin Lummer- 
Gehrcke plate having an order separation of 0.248A the components were 
close together, appearing as one broad line. Spectrograms c and d show 


3 Baly, Spectroscopy Vol. II, p. 373; see also Derr, Photography for students of Physics 
and Chemistry, p. 102. 
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the appearance of \4358 taken with the thick Lummer-Gehrcke plate under 
the A and B conditions of excitation. 
different times of exposure and different light intensity of the source it is 


TABLE III. 
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When due allowance is made for 


Data for 4358. 




























Arc 





Conditions A 





Condition B 












Milli- 
Angstroms 


Estimated 
Intensities 





dd 
Milli- 
Angstroms 











dd 
Milli- 
Angstroms 


dv 
Estimated cm7 


Intensities 















238 





—157 
107 


20 




























* Due to over-lapping of orders estimated intensities uncertain. 


quite evident that the intensities ratios have changed. The spectrogram 
e shows the appearance of \4047 under condition B taken with the thin 
Lummer-Gehrcke plate. Only one enlargement of the spectrogram is shown 





TABLE IV. Data for 4047 

































Arc Condition A Condition B 
dx dy dx dy 
Milli- Estimated Milli- cm7 Estimated Milli- cm 
Angstroms Intensities Angstroms Intensities Angstroms 

—116 1 —116 +.708 1 —116 +.708 

61.4 2 62 0.378 2 62 0.378 

47.5 5 53 0.330 5 53 0.330 
12.3 

10 0 0 10 0 0 











since the only change in \4047 under the two conditions of excitation was a 
slight change in the relative intensities. 
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FINE STRUCTURE ENERGY LEVELS 


Ruark® has given an excellent critical summary of the existent data for the 
fine structures of a large number of lines of the mercury arc, including 
AA5S461, 4358, 4047 and also AA3663.28, 3654.83, 3650.15, 3663.05, 3131.56 
and 2967. His proposed fine structure energy levels do not account for all 
of the fine structure components of these lines, but they do point out the 
existence of energy differences common to the several lines. So many of 
the observed fine-structure components fit into his level scheme that it seems 
reasonable to assume that these levels actually exist and that it would be 
possible to account for the remaining components by the introduction of a 
few additional levels, if the wave-lengths of these components were only 
known with the requisite accuracy. If it is assumed that this incomplete 
level scheme is valid as far as it goes, certain conclusions are evident. For 
example, absorption of either \4358 or \4047 should excite fine-structure 
levels of 25S, from which arise no less than nine components of 45461. Now 
actually, as has been pointed out above, the situation is quite different, 
45461 having sometimes but one and sometimes two components when 
excited by absorption of these lines. 

An attempt has been made to find a set of levels which would account 
for the existence of the fine-structure components of 5461, 4358 and 4047 
observed in the optically excited spectrum. The fine structure of \2537 
is known to be the same when excited in resonance radiation as in the arc” 
so that we may be certain that none of the five components ascribed to this 
line are due to self-reversal or other perturbing causes. A frequency differ- 
ence of 0.160 cm~! is common to A4358 and \2537 and the difference 0.349 
cm found in \4358 may be the same as 0.345 cm observed in \2537. 

The introduction of frequency differences of 0.330 cm= into 2°P» and 
of 0.375 cm into 2°S; accounts satisfactorily for all of the components of 
4047 in the optically excited radiation. McCurdy" finds a frequency differ- 
ence of 0.330 cm in \2967, 2°P,)—3*D,. 

There is obviously no way of deciding which level of 2S; gives rise to 
the single component of 45461 observed under condition A, nor does the 
difference of 0.785 cm! between the two components observed in condition 
B appear in either 44358 or 4047. The introduction of nitrogen (condition B) 
does not give rise to any new components in \4047 so that there is no reason 
to say that the absorption of this line in condition B causes the excitation 
of levels of 2°S,; not reached by any component of A4358. The emission of 
an additional component upon admission of nitrogen is probably due to 
some process which gives rise to emission of \\5461, 4358 and 4047 when 
mercury vapor in the presence of nitrogen is excited by bromine and chlorine 
filtered radiation from which these three lines are absent. Wood points out 
that this may be brought about by spilling electrons from the 3°D levels 


4 Ellett and MacNair, Phys. Rev. 31, 180 (1928). 
% McCurdy, Proc. Nat. Acad. Sci. 13, 701 (1927). 
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to 28S, or by collisions of the second kind with excited nitrogen atoms or 
molecules carrying electrons up from the 2°P levels to the 2°S,." 


CONCLUSION 


Lummer-Gehrcke spectrograms of the fine structure of the sharp series 
triplet taken under two conditions of optical excitation show striking differ- 
ences and a fine structure different from that of the arc lines; establishing 
experimentally that the fine structure of a spectral line depends upon the 
method of optical excitation. 

The writer wishes to express his sincere appreciation to Dr. A. Ellett who 
suggested the problem and who was a constant source of help and encourage- 
ment during the course of the investigation. 

PuysicAL LABORATORY, 


UNIVERSITY OF Iowa. 
August 11, 1928. 
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THE ASSIGNMENT OF QUANTUM NUMBERS FOR ELECTRONS 
IN MOLECULES. II. CORRELATION OF MOLECULAR 
AND ATOMIC’ ELECTRON STATES 


By RosBert S. MULLIKEN 


ABSTRACT 


A few revisions, suggested by recent results of Herzberg on N,*, are made in 
Table III of I, for N2+, CN, and O,*. These revisions involve dissociation of un- 
excited molecules to give one excited atom or ion. With these revisions, and a revised 
heat of dissociation for N2, the quantum number assignments previously made are 
found to be all consistent with Hund’s rule of o; and s sums, and, except for one or two 
states of F:, with the o;, conservation rule given in I. This result gives needed support 
to the latter rule. The probable atomic dissociation products are determined for most 
of the molecular states given in Table III of I. In the cases of Ne and N,* the probable 
dissociation products and energies are given in Table I. An interpretation is given 
of the dissociation processes involved in Hogness and Lunn’s NO ionization potentials 
at 21 and 22 volts, and of their 24 volt N.* potential. Evidence is brought forward 
for a revision of Birge and Sponer’s values of the heats of dissociation for the normal 
states of several molecules, in particular Nz. Suggested new or revised values are, 
in volts, Ne, 9.5; Nt, 7.1; NO, 7.3; CO*, 8.3; NO*, 11.2. The alkali and hydrogen 
halides are briefly discussed with reference to their electronic states and dissociation 
products. 


INTRODUCTION 


N a previous paper, which in the following will be referred to as I,! 
tentative electronic quantum number assignments were made for a number 
of molecular states. In the present paper an attempt is made to determine 
so far as possible the electronic states of the atomic products which would 
result by dissociation from each such molecular state. The conclusions in 
regard to this correlation have already been summarized in Table III of I. 
A few changes in these conclusions are given below for N2+, CN, and Og¢?*. 
Hund? has previously discussed briefly the correlation of atomic and 
molecular states for the molecules BO, CN, CO*, N.*+, and CO, making use 
of the rule that ¢,; and s of the molecule must be obtainable from a; and s 
of the atoms by algebraic or vector addition, and that there is a one to one 
correspondence between molecular states and atomic states.’ In addition 
to these rules of Hund, we may often or perhaps usually expect ¢;, for each 
electron to be preserved in the formation of the molecule (¢;, conservation 
rule). Reference should be made to the section in I entitled “Correlation of 
molecular quantum numbers with those of separate atoms” for further details 
in regard to the meaning and method of application of these rules. 


1R. S. Mulliken, Phys. Rev. 32, 186 (1928). 

2 F. Hund, Zeits. f. Physik 42, 93 (1927). 

3’ As Hund remarks, some of the predicted molecular states may be very unstable, but it 
seems hardly justifiable to say, as Heitler and London appear to do, that these are not real 
molecular states. 
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The specific problem here considered is as follows: given a molecular 
state of known type and configuration, into what states of atoms or ions 
would it dissociate on increasing the vibrational quantum number? The 
solution of this problem in any individual case suffers from difficulties of 
various kinds. (1) In the first place, the molecular configurations given in 
Table III of I are all more or less uncertain, while in many cases even the 
molecular state (as 7D) is not sure. For this reason one of the objects of the 
present paper is to investigate whether the assignments made in Table III 
of I are consistent with the dissociation products which are called for by 
the rules discussed in the preceding paragraph. (2) Another difficulty is 
that one of these rules, the o;, conservation rule, has no sure theoretical 
basis; hence another of the objects of the present paper is to investigate the 
extent to which this rule is consistent with known data; the result of this 
investigation, it may be well to state at once, is that there seem to be only 
two examples (1S states of F:) which definitely conflict with this rule. 
(3) A further difficulty in testing the theory is that in most cases not just 
one but a considerable number of molecular states of a given type and con- 
figuration class are to be expected from the union of normal or slightly 
excited atoms; e.g., s'°p*, 3S states of N2 should be formed as follows from 
N atoms**: one from N(4S)+N(4S); one from 4S+?D; one from *S+?2P; 
three from *D+?2D; three from 7D+?P; one from *P+?P. To make possible 
the definite correlation of a particular observed s!°p*, °S state with its dis- 
sociation products, supplementary evidence is needed. An accurate knowl- 
edge of relative energy levels and dissociation energies (D*) for observed 
states, together with a definite knowledge of the dissociation products of 
at least one state of Ne, would evidently serve this purpose, and it is in fact 
to such data that we chiefly turn for empirical evidence here and in the 
matters just mentioned in (1) and (2). Unfortunately, however, the D” 
values are for the most part rather uncertain. (For exact definitions of D 
and D?, cf. Table III of I, note 7.) 

A helpful principle in combating the difficulties just mentioned is that, 
in a general way, the lowest states of a molecule may be expected to be 
derived from the lowest states of the atoms. For example, if one had to 
determine the dissociation products of the lowest s'°p*, *S state of No, the 
most likely guess, in the absence of other evidence, would be that it is derived 
from two 4S atoms; similarly, for the next higher s!°p‘, °S state the best guess 
would probably be a 4S plus a 2D atom (cf. above). The usefulness of this 
method is, however, obviously weakened by the fact that in practise our 
empirical knowledge of the energy levels of molecules is very incomplete; 
thus in the present instance, conclusions in regard to observed s'°p*, 3S levels 
would be uncertain if other undiscovered levels of this kind might exist. 

Furthermore, the method is also on theoretical grounds an uncertain 
one, since the energy curves E(r) for two molecular levels of a given type may 
sometimes cross or tend to cross. As a result, the energy order of the molecu- 


‘ These results can be deduced by means of Table II of I. 
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lar levels (at r=ro) may be different from the order of the correlated atomic 
levels (r= ©); or else, as Hund as shown,' the correlation of the molecule 
with the separate atoms may be ambiguous, i.e., a molecule in a particular 
state may dissociate with a certain probability in each of two or more ways. 
The possibilities of reversal of energy order and of ambiguous correlation 
may be illustrated by considering the normal state of HF. This is a 'S state 
with probably a Ne-like electron configuration of the s*p* class. Such a state 
would be expected from the union of an H atom (2S, s' class) and an F atom 
(2S?, s§p* class, cf. Table II of I), but another state of the same kind would 
be expected from the union of anH* ion and anF~ ion(F~='S, s*p*). Although 
H+-+F- represents a higher energy than H+F, it is nevertheless likely that 
the normal state of HF is derived from H++F-, according to Pauling‘; in 
this case the s*p*, .S state of HF which is derived from the atoms must be an 
excited (possibly unstable) state. Or it may be that in HF we have an example 
of ambiguous correlation, so that each of the two 4S states mentioned dis- 
sociates with a certain probability into either atoms or ions. Questions of 
this kind have -been discussed in recent papers by Hund,’* London,® and 
Pauling.*—Similar ambiguities of correlation and reversals of energy order 
are also expected in other cases where the choice is not between atoms and 
ions, but between different states of the same atoms. For example, the nor- 
mal, s*p‘, 2S, state of N.*+ probably gives an N* ion and an excited N atom 
on dissociation, while the first excited s*p*, 2S state probably gives an unex- 
cited atom and ion (see below). 


DISCUSSION OF EXAMPLES 


The discussion of individual examples given in the following paragraphs 
is subject to the limitations and uncertainties described in the preceding 
section, and the conclusions reached are in most cases more or less tentative. 
The general procedure is to make a list of the molecular states, derived from 
each possible combination of low-lying atomic states, making use of Table II 
of I for this purpose, then to compare this list of predicted states with the 
list of observed molecular states; then to make identifications between the 
two lists, so far as is possible with the help of the criteria already discussed. 

Li,. Two unexcited Li atoms (each s°, 25°) should give an s*, 4S and an 
s®, 35 Lig molecule. The lowest possible s*, 'S state of Liz must almost cer- 
tainly be a (1s*)?(2s”)?(2s*)? state, as assumed in Table III of I, and this is 
doubtless the normal state of Liz. (Such a state is not yet known experi- 
mentally for Liz, but a corresponding state is known for the analogous Naz.) 
For the lowest possible s*, *S state of Li, one of the 2s* electrons of the 'S 
state just mentioned must evidently be promoted to a 3s” or 3s* (or possibly 
3s*) orbit (cf. BeO and Ce, Table III of I). This *S state must then be one 
with a small D’, and it may be related to the 'S state much as the 2°S state of 
H; formed by two normal H atoms is related to the 1'S normal state of H; 


5 F, Hund, Zeits. f. Physik 40, 742 (1927). 


* F, London, Zeits. f. Physik 46, 455 (1928); L. Pauling, Proc. Nat. Acad. Sci. 14, 359 
(1928). 
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(cf. “discussion of Heitler and London’s work” in I). Heitler, approaching 
the matter from a different viewpoint, has reached essentially this con- 
clusion.® 

LiF, BeO, alkali halides, BeF. From unexcited Li+F we expect the 
following states of LiF: *S and 'S, both s*p*, from Li(s*; 2S°)+F (spt, 2S), 
and *P; and 'P, both sp, from Li(s*, 2S°)+F(s*p, 2P?). From_normal 
Lit+F- we expect only a 'S, s*p* molecule of LiF, since we have Lit(s?, 4S) 
+F-(s*p*, 1S). Normal LiF (s*p‘, \S according to Table III of I) is probably 
derived from Lit+F- (cf. discussion of NaCl and other alkali halides by 
Hund? and London‘), while the four states derived from unexcited Li+F are 
probably excited states of LiF. 

The relations for LiF are probably typical for the alkali halides. The 
continuous absorption spectra shown by these molecules in the ultra-violet™ 
probably represent jumps from the normal, ionic, state to the dissociation 
continua associated with these four excited states and with others involv- 
ing an excited alkali atom as a dissociation product. These excited states are 
evidently all relatively unstable, since the continuous character of the absorp- 
tion shows, according to Franck’s theory, that the most probable jump is 
that to a condition of dissociation. 

Of the two observed, presumably low-lying, 1S states of BeO (cf. Table 
III of I) one may perhaps be derived from Be+++O- and be analogous to 
the s*p*, 1S state of LiF from Li++F-, and the other may be derived from 
Be++O- and be analogous, except for greater stability, to the 1S of LiF 
derived from Li+F. Probably neither one is derived from neutral Be+O, 
especially since one or both atoms would have to be excited in order to yield 
a ‘S molecule (cf. Table II of I). 

The supposed 2S normal state of BeF (Table III of I) may perhaps be 
derived from Bet (like Li) and F- (like Ne). 

C, molecule. For the Swan band emitter C. two *P states are known, 
both of an s*’ class according to Table III of I. Two normal (*P) carbon 
atoms are capable of yielding one *P molecular state of this class, while for 
the other *P we must assume at least one excited atom ('D or 1S). The 
possible correlations are numerous; the most plausible guess is given in 
Table III of I. 

BO, CO+, CN, N.*+. Hund has already discussed these molecules,? and 
has concluded that all of the three known states (s°p*, 2S; s!°p’, 2P;; s®p4, 2S, 
in order) of BO and C+O may be formed from normal atoms. For the analo- 
gous states of CN and N,* he reached similar conclusions, except that one 
2S state should have D at least 2.39 volts higher (corresponding to excitation 
of an N atom from ‘S to 27D) than the *P; and the other 2S state. Hund, of 
course, did not consider the question of configuration class. In many cases 
this factor would affect the results, but as will be seen from the following, 
its consideration does not alter his conclusions here. 

Normal B (or C+) plus normal O gives the following possibilities (cf. dis- 
cussion of B+O in I, preceding Table II): s'p?, 4S, 2S; s!°p8, 4P, 2P, 4P, *P; 


s Cf. H. Sponer, Ergebnisse der exakten Naturwissenschaften 6,97 (1928). J. Springer. 
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s*pt, 4D, 2D, 4S, 2S, 4S, 2S. All three states of BO (or CO*) may be _ identified 
with members of this group, although the possibility exists that one or more 
of them (in particular, the excited 2S state) should be identified with states 
correlated with a slightly excited O atom. 

It is possible that some or all of the states of CO* should be correlated 
with C+O+ (analogous to C+N), but the correlation with C++O seems 
more likely, since, as Mecke has emphasized,® the CO*+ electron levels 
parallel those of BO rather than CN. Birge and Sponer,’ however, using 
the relation D+=D+IJ],—Im, where D+ is D for CO+, D is that for CO, and 
I, and I, are the respective ionization potentials of atom (C or O) and 
molecule (CO), have concluded that the observed D+ values (9.3 to 9.8 
volts, according to extrapolations made by Birge and Sponer for the three 
states of CO) support the correlation C+O+. Assuming CO-COt+-—-C+0f?, 
we have Dt = 11.2+13.6—14.2 = 10.6 volts; while if COtT-+Ct++0,D*t=11.2 
+11.3—14.2=8.3 volts; here the value D=11.2 is used (cf. discussion of 
CO below), while J,,=14.2, and J,=11.3 for C and 13.6 for O.!° Since the 
observed D+ values (9.3-9.8 volts)? lie between the calculated values for 
C++0O and C+O?, they evidently do not suffice to decide between the two 
possibilities. 

Normal C (or N*) plus normal N yields only s'°p, *P, *P, ?P, and sp, 
6S,4S, and 2S. This is capable of accounting for one of the two (s*p*, 2S) states 
of CN (or N;*), and for the s'°p*, ?P state of CN. The other s*p*, 2S state 
of CN (or N.*) must then involve at least one excited atom; very likely it 
is derived from a normal C (or N*) atom, and a 2D, or possibly a ?P, excited 
N atom. According to recent conclusions of Herzberg" on the D* values for 
the two 2S states of N.*, it appears that it is the normal state which dis- 
sociates to give an ion and 2D excited atom, while the excited 2S state dis- 
sociates to give the normal atom and ion (cf. Table I below). There is also 
evidence for similar relations in the case of CN." 

The above empirical evidence that the lowest electron level of N.* is 
not derived from the lowest levels of the dissociation products N++N is 
important in giving us warning that similar reversals of energy order may 
occur in other cases. 

Nitrogen. In their work on heats of dissociation, Birge and Sponer,’ 
by linear extrapolation from the vibrational levels for the lowest electronic 
state (X) of Ne, obtained the value 11.75 volts"? for the heat of dissociation 
(Dx) of this state. The similar value (11.9 volts) obtained for state A gave 


7™R. T. Birge and H. Sponer, Phys. Rev. 28, 259 (1926). 

8 W. Heitler, Zeits. f. Physik 46, 47 (1927). 

®* R. Mecke, Naturwiss. 13, 698 (1925); Zeits. f. Physik 36, 797 (1926). 

10 Ionization potentials, oxygen, cf. J. J. Hopfield, Astrophys. J. 59, 114 (1924); carbon, 
I. S. Bowen, Phys. Rev. 29, 231 (1927). 

11 G. Herzberg, Ann. d. Physik 86, 189 (1928). 

ula Herzberg, ref. 11, p. 206, footnote 2. According to recent data of Jenkins on the violet 
CN bands, it appears that D* and D for the excited *S state of CN should be considerably 
reduced as compared with the values given in Table III of I. 

12H. Sponer, Proc. Nat. Acad. Sci. 13, 100 (1927). 
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support to this value. Thus 11.8 volts would seem to be a reasonable estimate 
for Dx. There are, however, several facts which point to a lower value, in 
the neighborhood of 9.5 volts. The evidence for each of these values will now 
be considered in a study of the known electron levels of Ns and N2+. These 
levels, with the configuration class of each, are listed in Table I, together 
with their probable D values and dissociation products according to each 
ot the two assumptions (1) Dy = 11.8 volts, (2) Dx =9.5 volts. In connection 
with this discussion, the writer is greatly indebted to Professor Birge for 
information, suggestions, and criticism. Independently of the writer, Birge 
has also concluded that Dx =9.5 is probably correct. 


Taste I. N: and N3* levels and possible dissociation products. 








Probable 





Level electron Electron D(cale. 1) D(calc. 2) 
configu- energy D(obs.) D(cale. 1) —D(obs.) D(calc. 2) —Dv(obs.) 
ration 
X=!§ si0pa 0 11.75 11.8(4S5+4S) +0.0 9.5(4S+4S) —2.2 
A="Dor*S sip 8.2 11.9 (>10.3) 11.8(4¢S+4S) —0.1 11.9 (S+2D) —0.0 
a='!P s*ps 8.5 14.24 (>10.1) 16.6(2D+2D) +2.4 14.3 @D+2D) +0.1 
B=3P sp 9.35 14.6 (>12.9) 14.2(4¢S+2D) —0.4 14.3 @D+2D) —0.3 
C=3P sops 13.0 14.6 (>13.94) 16.6(2D+2D) +2.0 15.45(2D+2P?) +0.85 
D="D or#S spt? 14.8 >14.8 — — 16.6?(2P? +2P) ~~ 
(ae eS taPf —2.7or 26.4(D+5P) —0.4 
X’=3§ s*ps 16.9 26.0 26.3(4S+4P) —0.3 
2p sl0ps 17? — 26.3(4S+3P) a 24.0(4¢S+5P) — 
28.7(72D+4P)or —5.lor 24.00¢S5+5P) —0.4 
A’=?§ s*p4 20.1 23.6 26.3(4S+3P) —2.7 
2S? s*ps 24 >24 28.72D+4P) See below 26.42D+5P), See below 


or higher 








Notes (a) The electronic energies (E) and “observed” D values are all referred to the normal state of N: as a zero of 
energy. Further details, and additional states, will be found in Table III of I (cf. also ref. 61 of I). The “observed” D 
values (D=E+D") are those given by Birge and Sponer, 728 or (N:*) by Herzberg." The parenthetical inequalities 
given in the D(obs.) column set extreme lower limits for the correct values of D; the value given in each case (e.g. 10.3 for 
state A) is the energy value for the highest yet observed vibrational state of the electron level in question. (5) In the fifth 
column the calculated heats of dissociation and probable dissociation products are given on the assumption Dy = 11.8, and 
the observed and calculated D values are compared in the sixth column. In the seventh and eighth columns, a similar 
correlation and comparison is given for the assumption Dy =9.5. In calculating D values for dissociations giving 2D or *P 
atoms, the value 2.39 volts is used for the energy (above 4S) of the 2D state, and 3.56 volts for that of the ?P state.“ (c) The 
D(calc.) values for Ni* make use of the value 14.5 volts for the ionization potential J, of the unexcited (4S) N atom;'« 


D(calc.) = Dx +Iq for dissociation into N+(?P) +N(4S), or Dy +Jq+2.39 when dissociation yields N*(?P)+N (2D). 


Let us first consider levels X and A. Two unexcited (4S) nitrogen atoms 
(each 45°, s*p?) should give four states of No, namely a 4S, a 3S, a 5S, and a 
7S state, all belonging to the s'°p‘ configuration class. We may identify the 
normal, 1S, state X of N2 with the predicted 'S state, and if Dy =11.8, we 
may identify the lowest excited state A with the predicted *S state. In 
agreement with this, both these molecular states have s!°p‘ configurations, 
and extrapolated D values which are nearly equal. The metastability of 
state A (cf. I, p. 216) also supports this identification. Heitler has recently 
reached similar conclusions,“ showing that N(4S)+N(4S) should yield two 


*® The observed D value given for state a is a revised recent value of Birge (private com- 
munication). 

4 According to Hopfield (Phys. Rev. 27, 801, 1926), the two largest term values for the 
neutral nitrogen atom are at 14.49 and 12.10 volts; these are presumably *S and 2D respectively 
in accordance with the Hund theory; hence 2.39 volts probably represents the energy of 
2D. The probable value 3.56 volts for *P is a result of unpublished work of Compton and 
Boyce (private communication). 

 W. Heitler, Zeits. f. Physik 47, 857 (1928). 
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states (1S and 4S) of N2,—the upper one metastable,—with DY” values similar 
to those observed for states X and A. The other two (5S and 7S) states, 
Heitler shows, should correspond to states of “repulsion” (i.e., ro very large, 
DY very small). 

If we assume Dx =9.5, instead of 11.8, no change is needed in the inter- 
pretation of state X; the discrepancy between Birge and Sponer’s extrapo- 
lated Dy =11.75 and the assumed Dxy=9.5 is, however, surprisingly large; 
but the extrapolation is a very long one here. With Dxy=9.5 for state X, 
we can no longer assume dissociation of state A into unexcited N atoms, 
since we are sure D >10.3 for state A (cf. Table I); the best assumption now 
is that A is an s'°pt, *D, state which gives ‘S+?D on dissociation. A *D, 
state is to be expected (cf. Tables I and III of I) from the same electron 
configuration which gives a *S state of the kind assumed for state A in the 
preceding paragraphs; the as yet incompletely known structure of the first 
positive nitrogen bands (B—>A) appears to be compatible with either a 
3P—'S or a *P—'D, transition. Also, such a *D, state should be metastable 
like the *S state. 

An argument in favor of the identification of state A with *S of N(4S) 
+N(‘4S), in agreement with Dy =11.8, is that if we do not do this, it seems 
necessary to postulate the existence of an as yet undiscovered additional 
s!°p4 state of this kind; and if such an additional state exists, it is surprising 
that it does not combine, to give visible or ultra-violet bands, with one of 
the known states B or C. 

Thus for states X and A of No, the weight of evidence and plausibility 
favors Dy =11.8. Turning now, however, to state a, we find evidence which 
strongly favors Dx =9.5. From the fact that the Nz bands aX are of high 
intensity and apparently simple structure, it seems extremely probable that 
state a is a singlet state; if so, it is necessarily (because of the selection rule 
for g;) either 'S or 'P, since X is |S. Birge has assumed it to be 'P, in analogy 
with CO. Now except for the one |S state from *‘S+‘4S which we have identi- 
fied with X of Ne, all singlet states of Nz are necessarily derived from two 
excited atoms,—as can be seen from a study of Table II of I. Of 'P states 
of Ne, two s*p* states should be obtained from N(?2D)+N(?D), one s*p® state 
from *D+?P, and one s"p* state from *P+?P. State a of Nz should then 
probably be correlated with 2D+?2D (this would also be reasonable even if 
ais a'S state). As will be seen from Table I, the calculated and observed 
D values are then in good agreement for state a if Dy =9.5 is assumed, but 
the observed D is too low, by an amount probably exceeding any possible 
error in the extrapolation, if Dy =11.8. This is strong evidence for Dx =9.5. 

According to Table III of I, the *P states B and C of Nz both have s*p° 
configurations. By means of Table II of I we find that one s*p'*, *P state 
should be obtained from *‘S+2D, two from ?D+2D, and one from *D+?P. 
The most likely correlations for each of the two assumptions Dx =9.5 and 
11.8 are given in Table I. The agreements are better for Dx =9.5. 

Data on N,* afford strong evidence for Dx =9.5. On the basis of Herz- 
berg’s recent revision™ of the observed DY values for the 17 and 20 volt 
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2S levels of N.* (cf.discussion of N.*+,above), there appears to be no way of get- 
ting reasonable agreement between D (obs.) and D (calc.) for both these states, 
except to assume Dx = 9.5 and at the same time to assume that the dissocia- 
tion products are N2+(17)—N+(?P)+N(2D) and N,*+(20)—-N+(@P)+N(4S). 
The justification for this statement will be evident from an examination of 
the observed D values as compared in Table I with D values calculated for 
various assumptions. 

Besides the 17 and 20 volt 2S states of N.* there is another, probably 
also 2S, level at 24 volts, which is unstable on collision (Smyth, Hogness and 
Lunn"; cf. I, Table III and p. 208). This state of N.+ must on adiabatic 
dissociation give at least one excited particle, since the 2S from unexcited 
N++N is already accounted for. The possibility of lowest energy is N+(*P) 
+N(?2D). This makes D at least 26.4 or 28.7 volts (according as Dx =9.5 
or 11.8) for this state." But Hogness and Lunn in their positive ray 
experiments have shown that 24-volt N.+ is completely dissociated by 
collisions if sufficient opportunity for these is given (high pressure). From 
this we must conclude either that the ions acquire additional kinetic energy, 
to the extent of 2 or 4 volts, before colliding, or else that 24 volts is enough 
energy for dissociation. But Hogness and Lunn explicitly mention the first 
alternative and give evidence that possession of kinetic energy does not 
promote dissociation of 24 volt N.*+ (ref. 16, bottom p. 790). The most 
reasonable explanation seems then to be the following: the collisions which 
produce dissociation are “collisions of the second kind” in which the energy, 
although inadequate for adiabatic dissociation to N+(®?P)+N(D), becomes 
available for dissociation into *P+4S. But even this process, unless the ions 
acquire kinetic energy contrary to Hogness and Lunn’s conclusions, would 
require 26.3 volts if Dy =11.8; if Dy =9.5, however, the required energy is 
reduced to 24.0 volts (cf. Table I), a value which is consistent with the 
observed dissociation of 24 volt N.* ions on collision. Thus we have another 
argument in favor of Dy=9.5 volts for Ne.—lIncidentally, the value 24.0, 
after subtraction of the ionization potential of Nz. (16.9 volts) gives 
a new value Dx=7.1 volts for N.+, as compared with Birge and Sponer’s 
value of 9 volts. 

The fact that the energy transferred by active nitrogen to other molecules 
is usually limited to about 9.4 volts (cf. I, discussion and ref. 64) also tends 
to support Dx = 9.5, since active nitrogen is probably atomic nitrogen mixed 
with products formed by the union of the N atoms.!~—An argument in favor 
of Dx =11.8 rather than 9.5 for N¢ is the fact that the high value Dy =11.2 
is well assured for the chemically less stable molecule CO.—On the whole, 
the evidence appears strongly to favor Dx =9.5 volts for Ne, but it is not yet 
conclusive.!7¢ 

Carbon monoxide. From the application of his o; and s addition rules 
to CO, Hund has tentatively concluded that the states X, A, B, a and b 
of CO should all be derived from two normal atoms. This conclusion seems 














16 Hogness and Lunn, cf. ref. 39 of I. 
17 J, Kaplan and G. Cario, Nature, June 9, 1928. 
.1%@ For additional evidence in favor of Dx=9.5, cf. E. Gaviola, Nature 122, 313 (1928). 



























































ASSIGNMENT OF QUANTUM NUMBERS 769 


to be in the main verified by the experimental D values (cf. Table III of I). 
The correlation of atomic and molecular states is quite different than for 
No, in spite of the marked analogies between the molecular levels of CO and 
N..—Let us now consider in detail the correlation of C+O with CO. 

Two unexcited atoms, C(?P)+O(*P), should give the following molecular 
states: sp*, §P, *P, 'P; s**p*, §D, *D, 'D, §S, *S, *S, §S, *S, *S, 5S, 9S, *S; 
s*p®, §P, °P,'P. The s!°p* states X and a’ (14S and 4S?) of CO may probably 
be identified with two of the above group of states, and the s*p states a and 
A (*P and 'P) with two more of this group; the experimental D values are 
about equal for all four of these states, as they should be if this identification 
is correct. The extrapolated value Dx = 11.2 volts is apparently not far wrong 
in this case, especially since it is confirmed’ by the value 10.8 obtained from 
chemical data, assuming only the (probably reliable) value Dy =7.0 for Oz. 
It is probable that the s!°p*, °S state b also dissociates into normal atoms: 
only one } vibrational state (7 =0) is known with certainty, thus indicating 
a very low value of D’.'® It may be that the s'°p*, '\S state B also dissociates 
into normal atoms, although the experimental D value (based on Birge, 
Int. Crit. Tables, from work of Hopfield and Birge’®) is too large. 

The more highly excited states of CO beginning with state C must give 
at least one excited atom on dissociation, since the electronic energy alone 
now exceeds the heat of dissociation into normal atoms. In the case of 
singlet states of CO not formed from the normal atoms, both atoms must be 
in excited states on dissociation (cf. Table II of I). 

Some general considerations on predicted and observed levels. Although 
eighteen different molecular states are predicted as capable of being formed 
by the union of two unexcited atoms (C+Q), not more than five have as 
yet been identified. Probably many or most of the remaining states cor- 
respond, like the 2*S state of H. formed from two normal H atoms (cf. section 
in I on Heitler and London’s work) and like the 5S and 7S states of N». formed 
from two normal N atoms (cf. above), to very unstable molecules, i.e., 
molecules whose 7 is very large and DY very small because of a rapid increase 
in promotion energy with decreasing r. This must especially be true of such 
states as 5D, °P, 5S, since a quintet state (s=2) requires the presence of at 
least four electrons in shells which are not closed, and therefore, as compared 
with the normal state of CO, requires the excitation of at least two electrons 
from two different closed shells. If ro for such states had values comparable 
with those of the observed states of CO, the excitation energy for such a 
process would probably be at least 18 or 20 volts, which would be incom- 
patible with dissociation into normal atoms (D = 11 volts). 

It is possible however, that at least a few comparatively stable excited 
states of CO capable of dissociating into unexcited atoms remain to be dis- 
covered; among the likely possibilities are s'°p*, *D and 'D, and perhaps 
s'p3 3P. It isnot unlikely thatthe hithertounassigned “tripletcarbon bands,” 


18 Cf. R. T. Birge, Phys. Rev. 28, 1173 (1926); third positive carbon bands (ba); also 
the fact (Birge, private communication), that only the 0-0 band is known for Xb. 
19 Cf. ref. 37 of I. 
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with wo’=1105, wo’ = (1714), and Av~160 (Birge, private communication) 
are *S—'P or *P—'S and involve an sp’, *P; state of CO, perhaps the 
expected state which should dissociate into normal atoms. 

Considerations similar to those just given for CO, bearing on the question 
of observed and predicted states, also apply to the other molecules treated 
in this paper. In the case of most of them, many reasonably stable excited 
levels probably remain to be discovered. 

Nitric oxide (NO). For the normal, s'°p', 2P, state of NO, the “observed” 
D (6.8 volts!**) may be compared with the more reliable value calculated 
indirectly making use of chemical data and Dx values of Ne and QO; this 
indirect value, here recalculated, is Dx =7.3, or 8.4, according as Dx = 9.5, or 
11.8, for N2; the observed value 6.8 evidently agrees better with the calculated 
value 7.3 and so supports Dx =9.5 for Nz. Dissociation into unexcited atoms 
is in harmony with the theory, since N(*S)+O(P) should give sp, ®S, 4S, 
2S, and s!°p', *P, 4P, *P, the last of these being here identified with unexcited 
NO. The first excited, 2S, state of NO has already been discussed in the 
section on NO in I, and shown to involve a highly excited N orO atom. Since 
unexcited N+O should give only one ?P state, according to Table II of I, 
and since this is already accounted for, we must conclude that the excited 
s'°p5, 2P state of NO dissociates to give at least one excited atom. The union 
of N(?D) and O(@P) is capable of giving an s!°p*, 2?P state; D for this, assuming 
Dx=9.5 for Ne, should be 7.3+2.4=9.7 volts, in agreement with the ob- 
served (but very uncertain) extrapolated D=10 volts. The two remaining 
known excited states of NO probably correspond to moderately excited 
atoms, but the data are incomplete. 

We next consider NO+. The molecular states formed by union of un- 
excited N(4S)-+O+(4S) should be 7S, 5S, 3S, 4S, s!°p*, as in the case of N(4S) 
+N(4S); unexcited N+(?P)+O(8P) should give a variety of states like those 
of C(@P)+O(%P). Unexcited NO+ may reasonably be correlated with ‘'S 
of N(4S)+O0+(4S), or perhaps with N+(?@P)+O(P). Assuming N+O+, and 
using Dy =7.3 for NO, we can calculate Dx for NO+: Dxyt=Dx+1,—Im 
=7.3+13.6—9.4=11.2 volts. If the dissociation products are N*++O, 
Dx =7.3+14.5—9.4=12.4 volts. 

As already pointed out in the section on NO in I, each of Hogness and 
Lunn’s potentials, 21 volts (N+O*) and 22 volts (N++O), agrees closely 
with the calculated D value for ionization and dissociation of NO into the 
respective unexcited atom and ion.2° The 21 volt state, being correlated 
with N(4S)+O+t(4S), must then be an S state. Probably it is a *S state 
analogous to the lowest 4S state of Nz (i.e., to state A, if Dy =11.8); or, if 


#@ F, A. Jenkins, H. A. Barton, and R. S. Mulliken, Phys. Rev. 30, 172 (1927). 

20 At each of the potentials 21 and 22 volts, a large fraction of the NO molecules is dis- 
sociated directly, according to the data of Hogness and Lunn, while the remainder give NOt 
molecules capable of being dissociated in subsequent collisions.» As interpreted by Birge and 
Sponer,’ this means that there is a large probability, but not a certainty, that the impinging 
electron will give the molecule enough vibrational energy to cause dissociation, in addition to 
the energy of removal of an electron. The observed potentials then probably include, strictly 
speaking, 1 or 2 volts of vibrational energy. 
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the normal state of NO+ gives N++O on dissociation, the 21 volt state may 
be a 'S corresponding to X of Ne. The 22 volt state may reasonably be 
identified with an s*p', *P or 'P state derived from N+(?P)+O(*P), like state 
a or A of CO. The three ionization potentials of NO then correspond (cf. 
Table III of I) respectively to removal of a 3p”, a 2p”, and a 3s* electron from 
neutral NO.” 

Oxygen. Two unexcited (#P) O atoms should give the following states 
of Oz (cf. Table II of I): s'!p*, §D, *D, 4D, 5S, 3S, 4S, 8S, 3S, 4S; sp, §P, *P, 
IP, §P, P,P; spt, 5S, 3S, 1S. The two s!p*, 3S states of Table II, both of 
which probably dissociate into normal atoms,’ may evidently be identified 
with the two predicted s!°p*, *S states. The 1.6 volt state of Oz, which is 
a 1S state according to recent work of the writer,” may correspond to one 
of the other s°p° states. 

The two s'°p5, 2P states involved in the ultra-violet O,.+ bands are sup- 
posedly analogous (cf. I) to the two states involved in the B bands of NO. 
The same might then be expected of their dissociation products; that is 
to say (cf. NO, above), we might expect the lower ?P to dissociate into 
unexcited O+t+O (4S+P) and the upper ?P into O+?D)+O(P). (Other 
excited states of O+ or O are of course not entirely excluded as possible 
dissociation products.) Or perhaps, unlike NO, the excited *P might give 
unexcited O++0O, and vice versa. As a matter of fact, as we shall see, the 
empirical data indicate dissociation into unexcited O++O for both ?P states; 
the evidence is strong in the case of the lower state, and practically con- 
clusive for the upper state. But since this is quite impossible according to 
the theory (cf. NO, above), we must apparently conclude that this evidence 
is unreliable for one of the two states, in all probability the lower, since it 
is weaker there. We have then probably a reversal of energy order during 
molecule formation, as in the case of N+ discussed above. 

For the process O.—O+(4S)+O(?P), the total energy D’ can be cal- 
culated from the known Dy of O; and the ionization potential J, of the O 
atom: D’=Dx+J,=7.02+13.56=20.58 volts. For O.—-O+?@D)+O(P), 
the total energy is 3.32 volts higher®: D’ =20.58+-3.32 =23.9 volts. 

For each of the two ?P states of O,*+, D’ is known empirically as the sum 
of the three quantities J,, (ionization potential of O,), E* (electronic energy 
above the normal ?P state), and D’. For the upper ?P level, the value D’ = 
1.76 volts is known from Birge and Sponer’s work, and is probably reliable 
within a few tenths of a volt. For the lower ?P level, the value of D” depends 
on the uncertainly known value of E* of the upper level; assuming E* = 5.2 
volts, Birge and Sponer’s method gives DY = 6.9 volts. Assuming J, =13.5 
(this, like E*, is uncertain within a volt—cf. I), we find for the lower *P 


2 Cf. note 43 of I. 

* For the 21 volt potential at least, the possibility is excluded that it is a 2s* or a 3s 
electron which is removed, since such removal would give a P state of the molecule, which 
would be incompatible with N(*S)+O*(4S). 

#e R. S. Mulliken, Phys. Rev., Dec., 1928: interpretation of atmospheric oxygen bands. 

% 3.32 volts is the energy required to excite O* from ‘*S to *D: cf. I. S. Bowen, Phys. 
Rev. 29, 231 (1927); H. N. Russell, Phys. Rev. 31, 27 (1928). 





772 ROBERT S. MULLIKEN 


state, D’=13.5+0+6.9= 20.4 volts, and for the upper ?P state, D’ =13.5 
+5.2+1.8=20.5 volts. Both agree well with the calculated value 20.58 
volts for dissociation into unexcited atoms. For the upper state, the value 
of D’ is also supported by independent.evidence, for as shown in I (p. 212), 
Hogness and Lunn’s ionization potential at 20 volts, at which simultaneous 
dissociation and ionization occur, in all probability corresponds to the con- 
vergence limit of the vibrational levels of the upper ?P state.** Because of 
this evidence, and in view of the much longer extrapolation involved for DY 
in the lower than in the upper state, the value of D’ is clearly more probably 
reliable for the upper than for the lower state. We therefore accept the 
agreement of the observed and calculated D’ for the upper state and so con- 
clude that this state dissociates into unexcited Ot +O, but reject on theoreti- 
cal grounds (cf. above) the agreement for the lower state—in spite of the 
fact that the discrepancy between the theoretical value D’=23.9 which 
we must now assign to it and the empirical D’ = 20.4 is unaccountably large. 
—As a possible escape from this discrepancy, it is of course true that errors 
may exist in the classification of the O,* levels, since our knowledge of the 
O,* bands is very incomplete (cf. I). 

Fluorine. For two fluorine atoms, we need consider only the normal state 
of each; there are no excited states of low energy. Two such atoms should 
give: s'*p*, *D, 'D, 8S, 'S, *S, 'S; s"p', *P, WP, *P, 1P; s'*p*, 3S, 1S. The two 
observed 1S, s!°p* states, both of which dissociate into normal atoms,“ must 
probably be correlated with the two expected 1S, s!p* states, in spite of 
the fact that this involves a violation of the o;, conservation rule.” 

General conclusions. With two possible exceptions (state a of Ng, if 
Dx=11.8, and one state of O,.*), all the assignments made in Table III 
of I are in conformity with Hund’s rule that @; and s for the molecule should 
be obtained from the atomic a; and s values by addition. A further conclusion 
is that, with the exception of the two states of F, and possibly also of the 
two states (of N. and O,*) just mentioned, no contradiction is found to the 
applicability of the (non-detailed) ¢,, conservation rule during molecule 
formation. This empirical result is especially valuable because no strict 
theoretical basis has been obtained for the rule. 


WASHINGTON SQUARE COLLEGE, 
New York UNIVERSITY. 
July, 1928. 


* Recent work of Smyth and Stiickelberg (Phys. Rev. 32, 779 (1928) gives new evidence, 
in agreement with Hogness and Lunn’s results, that O++O is formed by electron impact at 
20 volts. 

*% The normal 'S state of F2, judging by analogy with Clo, Bre, and I2, gives F @P 14)+ 
F(??P 14) on dissociation, while the excited 'S state gives F(?P\3)+F @P): cf. J. Franck, 
Trans. Far. Soc. 21, Part 3, 1925, and H. Kuhn, Zeits. f. Physik 39, 77 (1927). Such differences 
are, however, unimportant for, present purposes, since Av is small for light atoms. Similar dif- 
ferences must exist in other cases where multiple atomic levels are involved (e.g. *P of oxygen). 

6 The possibility that one or both of the observed 'S states may really be of an s”p* 
type seems relatively small, in view of the evidence given in I for the configurations there 
assigned. 
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THE NEAR INFRA-RED VIBRATION SPECTRUM OF 
THE CARBONATES 


By Haro.p H. NIELSEN 


ABSTRACT 


An attempt has been made to solve theoretically the problem of the frequencies 
and intensities of the near infra-red absorption regions of the carbonate group. The 
assumption, that in the normal state the oxygen nuclei are located at the vertices 
of an equilateral triangle while the carbon nucleus lies at the center, seems justified 
by the x-ray investigations of the crystal structure of the group. Using a general 
potential energy function with three constants under the assumption that the fields 
of force surrounding the nuclei are central, the normal modes of infinitesimal vibra- 
tion are determined, yielding four independent frequencies », v2, v3, and », of which 
v, is optically inactive. Through the three disposable constants, »,, ~, and v3 may be 
made to coincide with the three fundamental absorption regions found experimentally 
by Schaefer and Schubert, and it is found that the optically inactive frequency », agrees 
closely with the value predicted by Schaefer, Bermuth and Matossi. From a considera- 
tion of the change of electric moment, the theoretical intensities are determined. It is 
found that the relative intensities obtained theoretically agree well with the values 
determined by Schaefer and Schubert. 


N THE near infra-red absorption spectra of the group of crystals calcite 

(CaCO;), magnesite (MgCO3;), dolomite (Mg(CO3).Ca), and others, there 
are observed three principal regions of absorption at 6.7, 11.38u, and 14.16n, 
which may be attributed to the fundamental vibrations of the carbonate 
radical. Of these the region at 11.384 has been shown by Schaefer and 
Schubert! to correspond to a vibration along the optical axis of the crystal 
while the other two correspond to vibrations perpendicular to this axis. 
In addition to the three principal absorption regions there are a number 
of weaker absorption peaks which may be interpreted as harmonics and 
combinations of the fundamental frequencies. An essential point of this 
interpretation, however, is that besides the three observed fundamentals 
there must exist a fourth fundamental frequency which lies at about 9.0u. 
Since this latter can not be determined directly, but only through com- 
bination bands, it is termed optically inactive. 

From x-ray analysis of the structure of these carbonates, we learn that 
the carbonate configuration is an equilateral triangle at whose vertices are 
located the oxygen particles and at whose center is located the carbon 
particle. The distance from an oxygen atom to the carbon atom is given 
by Wycoff as 1.22510-* cm. The plane of the three oxygen atoms is per- 
pendicular to the optical axis, hence it may be concluded from the work 
of Schaefer and Schubert that the vibrations corresponding to the regions 
of absorption at 6.74 and at 14.16 lie in the carbonate plane while that at 
11.38u is perpendicular to it. 





1 Cl. Schaefer and M. Schubert, Ann. d. Physik, 50, 283 (1916). 
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H. Kornfeld? has attacked the problem of the vibrations of the carbonate 
group with considerable success. In order to obtain the potential energy 
function he has assumed that each oxygen particle is the seat of a double 
negative charge and that the carbon particle possesses a fourfold positive 
charge. He has further assumed that the electron configuration that sur- 
rounds each oxygen is capable of a polarization. Using the two disposable 
constants a, the polarization and r, the distance of an oxygen atom from the 
carbon atom he has been able to correlate his theoretical values for the 
frequencies with the observed values with an accuracy of from 10 to 15 per- 
cent. The value of r which he found was 1.5 X 10-8, a value somewhat larger 
than that given by x-ray analysis. 

In the light of our present knowledge of the structure of molecules, 
Kornfeld’s model is subject to criticism on the ground that the atoms com- 
posing a molecule are probably not completely ionized as he has assumed, 
but rather that there exists a large perturbation resulting in a more or less 
mutual sharing of electrons among the atoms. In the present note it is 
proposed to analyze the motion of the carbonate group by the use of a 
general potential energy function with three disposable constants. 

Certain assumptions must, however, be made with regard to the form 
of the potential energy function and we shall consider that the forces sur- 
rounding each atom are central, believing that the departure from this 
assumption caused by the presence of polarizations will not in first approxi- 
mation alter the character of the motion or the fundamental frequencies. 

The assumption is made herein that the amplitudes of vibration of the 
nuclei are small so that the higher order terms of the potential and kinetic 
energy may be neglected. The system which we are considering is one of 
twelve degrees of freedom, but since we are chiefly interested in the vibra- 
tions we may choose only six mutual coordinates neglecting the translational 
and rotational motion of the group as a whole. If the displacements of the 
oxygen atoms with respect to each other are represented by qu, g2, g3; and the 
displacements of the oxygens with respect to the carbon by qs, gs, ge; then 
since the forces acting on the nuclei are considered to be central, the potential 
energy for an arbitrary displacement may be expressed as follows: 


W= Disa) + 2» F(qx) (1) 


where f and F are unknown functions. W may be developed by Taylor’s 
theorem, and all terms above the second order disregarded. 


W = Wot (df/dgi)o(qitge+9s) + (dF /dqx)o(qat+gs+9s) 
+ (1/2) (d?f/dqi*)o(g1?-+922-+-9s") +(1/2) (dF /dqu*)o(qa2+qs?-+ge2) + +--+ (2) 


Only three of the four constants that appear in this expression for the 
potential energy are independent since the equilibrium condition imposes 
the relation: 


2 H. Kornfeld, Zeits. f. Physik 26, 205 (1924). 
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(df/dqi)o= (1/3"!*) (dF /dgu)o. (3) 


It is found convenient for calculation to express the potential energy in 
slightly different coordinates. The coordinates used are the qi, g2, gs defined 
above, and three others, x, y, z, components of a vector R which represents 
the distance of the carbon particle from the center of gravity of the oxygen 
nuclei. The kinetic and potential energies for infinitesimal displacements 
may quite readily be determined under the conditions that the linear and 
angular momenta of the molecules shall be zero, by letting each coordinate 
vary independently and then studying the total resultant displacement of 
each nucleus. Treating the energy expressions in the usual manner to deter- 
mine the normal modes of vibration, the characteristic determinant,’ the 
roots of which determine the frequencies may be written in this case: 


3 3-31/2 r» 1 2 1 gus 1 3 
rere) Core cme ener no ea 
rm 2 3 3 be rm 2 rm mM 


3-31/2 3 2 
+3434" a8+—a) = 0, 





where: 


a=K,/K,; B=c/Kz; w=(M+3m)/M ; (4) 


1 / dF c d? d°F 
H(i )-5: (ons (Bor 
a \dqi/o 2 dqi*/ dq" /o 


and where a is the normal side of the equilateral triangle configuration. The 
roots of the determinant shall be denoted by Aj, Az, A3, and Ay, where Az and 
A; are the double roots and where A, >A3. These give rise to four independent 
frequencies, v1, v2, vs and v4, where 


V¥z~= (1/2) (K2d,/m)*/2 


These frequencies are respectively: 


1 /K\1273'/2gy71/2 1 /K\1/2 
ERT: wh)" 
2a \m 2 2x \m 




















1 /K\"? §2+3'78u+1)+6a [u-1/1  3%%8\ 307)” 
Ck cameramen a aad 
2x \m 8 L 2 : 4 44 
1 /K\1/2 (2431/2 1)\+6a [u-1/1 3} 3a]) 1? 
no (2) +3"*8(u+1)+6a [uy (5+ =) +=} 
2x \m 8 L 3 : 4 4 J 


The system is degenerate since while it has six degrees of vibrational freedom, 
only four independent frequencies enter into its motion. 





3 E. T. Whittaker, A Treatise on the Analytical Dynamics, 3rd edition, p. 178. 
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A study of the motion reveals that »; corresponds to a vibration of the 
carbon nucleus along the axis of symmetry of the model, the distance between 
the oxygen nuclei remaining unchanged. Since Az and As; are each double 
roots two arbitrary constants occur in the motion corresponding to v2 and 
v3. This corresponds to a motion of the carbon particle in the plane per- 
pendicular to the axis of symmetry, the path being an ellipse subject to 
the restriction that the sum of the squares of the major and minor axes is 
aconstant. The eccentricity as well as the orientation of the path will depend 
on the arbitrary constants involved. The frequency v4 corresponds to a 
motion of the oxygen nuclei symmetrical with respect to the axis of sym- 
metry, the carbon remaining fixed at the center of gravity. It should be 
noted that this latter is the inactive frequency, for unlike the other three 
vibrations there is here no changing electric moment. 

The theoretical frequencies which the model predicts contain three con- 
stants a, 8, and Kz which may be determined by using the observed values 
of the three bands. The experimental work of Schaefer and Schubert shows 
that the absorption regions at 6.74(447X10") and 14.16u(212X10") are 
due to vibrations of the carbon in the plane of the model. Since A.>Az3 and 
A; xv we can immediately identify ve and v3 with the frequencies 447 x 10" 
and 21210" respectively. The region at 11.38u(263.5 x10") is evidently 
due to a vibration of the carbon nucleus perpendicular to the plane of the 
model since it disappears when the spectrum is observed with the crystal 
cut perpendicular to the optical axis. Hence we identify »; with the fre- 
quency 263.510". The values obtained for these constants are: 

a=0.263; B=0.248; K.=3.064 X 10*. 
Knowing these values it is now possible to compute theoretically the position 
of the band corresponding to the inactive frequency v4, and we obtain the 
value 8.984 which is in good agreement with that predicted by Schaefer 
and his collaborators.‘ 

We now proceed to the computation of:the values of the theoretical 
intensities. It may be shown that the integral of the coefficient of absorption 
a@ over an absorption region is associated with the amplitude of the change 
of the electric moment by the relation: 


(go/8) f andv= KAY (6) 


where A; denotes the amplitude of the change of the electric moment and 
where go and g; are the a priori probabilities of the normal and the ith states 
respectively and where K is a constant independent of v;. a, is the absorption 
coefficient which is to be determined experimentally. Following the notation 
of Dennison‘ we shall let p;7 equal the left member of (6) and be defined as 
the experimental intensity, while the right member shall be defined as the 
theoretical intensity. 


‘Cl. Schaefer, C. Bermuth, and F. Matossi, Zeits. f. Physik 39, 648 (1926). 
* D. M. Dennison, Phil. Mag. 1, 195 (1926). 
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In accordance with the assumptions made earlier that the forces acting 
upon the nuclei are central, it is now assumed that each nucleus may be 
thought of as the seat of an effective charge and hence that the change of 
electric moment is directly proportional to the displacements of the carbon 
nucleus with respect to the center of gravity of the oxygen atoms. It is to 
be expected that this assumption will hold best in comparisons between 
the intensities of bands corresponding to motions involving the same direc- 
tion of displacement of the carbon atom, that is between the bands at 6.74 
and 14.164, and to hold less well for the 11.384 band where the carbon 
vibrates perpendicular to the plane of the oxygens. According to the assump- 
tion just stated A;, the amplitude corresponding to the fundamental band 
v; will be given by the product of the amplitude of the normal coordinate 
and K;, a proportionality constant between the displacement of the carbon 
and the normal coordinate. 


: A?=hK?/2rmp; 


The theoretical intensities of the active frequencies appear in the fourth 
column of Table I, where the constant is so chosen that the theoretical and 
experimental intensities of the band at 6.74 are in agreement. 


TABLE I. 








Direction of vibra- 





Frequency Frequency tion of electric (Theo.) (Obs.) 
(Theo.) (Obs.) moment relative to p2 pe? 
line of symmetry 
"4 263.410" 263.5 X10" lI 34 17 
Ve 447.0 447. / 30 30 
Ys 211.9 212. L 4 4 
% 334.0 330. a 0 0 


(predicted value) 








The fifth column of the table contains the experimental intensities as 
estimated from the reflection curves of Schaefer and Schubert. Due to the 
extreme intensity of absorption of the fundamental bands in the carbonates, 
the values for a have never been measured. It may readily be proved, how- 
ever, that to every maximum of absorption there exists a corresponding 
maximum of reflection, i.e., where 7, the reflection coefficient becomes a 
maximum. The two maxima do not exactly coincide, the reflection maximum 
being displaced slightly toward the longer wave-lengths. It may further be 
shown that for the range of reflections in which we are interested the re- 
flection coefficient r is approximately proportional to the absorption co- 
efficient and hence the observed reflection curves already mentioned may be 
used for determining the experimental intensities. The a priori probabilities 
go and g; are all to be taken equal to unity since the measurements of Schaefer 
and Schubert were made with a crystal cut parallel to the optical axis. No 
claim is made that the experimental intensities here given are of any great 
precision, but it is believed that they are of the right order of magnitude. 
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In conclusion we may say that by using a simplified potential energy 
function with three disposable constants, it has been possible to correlate 
three of the four independent frequenties 7, v2, v3, to the three fundamental 
absorption regions measured experimentally by Schaefer and Schubert, 
while it has been shown that the fourth, optically inactive frequency v4 
coincides very closely with the value predicted by Schaefer, Bermuth and 
Matossi from combination bands. A comparison of the theoretical and 
experimental intensities has been made resulting in an agreement which we 
believe to be real and to furnish at least a partial vindication of the sim- 
plicity of the method which we have employed. 

I wish to utilize this opportunity to express my gratitude to Professor 
D. M. Dennison at whose suggestion I undertook this problem and who 
through his many helpful suggestions has aided me in the preparation of this 
paper. 

DEPARTMENT OF PuHysics, 


UNIVERSITY OF MICHIGAN, 
July 30, 1928. 
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IONIZATION BY COLLISIONS OF THE SECOND KIND IN 
MIXTURES OF OXYGEN WITH THE RARE GASES 


By H. D. SmytuH aAnp E. C. G. STUECKELBERG 


ABSTRACT 


Harnwell’s experiments on ionization by collisions of the second kind have been 
continued. Mixtures of oxygen with argon, neon and helium and incidental effects 
of water vapor have been studied. Evidence of the following collisions of the second 
kind was obtained: 

(1). At+0;-0,++A 

(2). At+H,0—-H,0+t+A (very strong) 

(3). H,O++0;-0,++H,0 

(4). Ne+t+0,-0++0-+Ne 

(5). He+t+0,-0*+0+He 
The experiments confirm the conclusions of Hogness and Lunn as to the processes of 
ionization in oxygen but leave the exact value of the first ionizing potential uncertain. 


URING the last year Harnwell' published two papers on ionization 
by collisions of the second kind in mixtures of gases. The present 
paper describes an extension of his work to include mixtures of oxygen with 
the rare gases and some incidental effects of water vapor. The object of 
the work was twofold. In the first place it appeared desirable to study oxy- 


gen as a matter of routine so that with Harnwell’s results on hydrogen and 
nitrogen a basis would be laid for experiments on mixtures of these three ele- 
mentary gases and their compounds. In the second place, there are numerous 
discrepancies in previous work on oxygen which it was hoped might be cleared 
up. 

A summary of the work on oxygen may be found in Franck and Jordan.’ 
Stated briefly the situation is this. The ordinary first ionizing potential of 
oxygen corresponds to the production of stable O+, but the exact value of 
the I. P. (ionizing potential) is uncertain, the experimental determinations 
ranging between 12.6 and 16.1 volts, the values observed by Mackay who 
was the only observer to find two distinct “breaks” in the ionization curve. 
There is also a higher I. P. apparently a little above twenty volts which cor- 
responds to a direct production of O+ ions. Finally there is the spectroscopi- 
cally determined value of the I. P. of atomic oxygen, 13.6 volts. 

It is quite possible, of course, that Mackay was right and that there 
are two ionizing potentials only a few volts apart and both giving a stable 
molecular ion. On the other hand, it is now a perfectly familiar idea that 
molecular ionizing potentials are always difficult to determine exactly experi- 
mentally because of the association of vibrational and rotational energy 
with the electronic energy. There are, therefore, two possibilities with 
regard to oxygen. First, that there are two ionizing potentials and that all 


1G. P. Harnwell, Phys. Rev. 29, 683 and 830 (1927). 
* Franck and Jordan, Anregung von Quantenspriingen, p. 273. 
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observers except Mackay have measured an average value. Or second, dis- 
regarding Mackay’s result, that there is one ionizing potential but its value 
is uncertain. The first hypothesis seems much the more probable but in 
either case it was thought that a study of collisions of the second kind in a 
mixture of oxygen and argon would be interesting since the I. P. of argon 
is 15.69 as determined spectroscopically. Mixtures with neon were also pro- 
mising since the I. P. of neon is 21.6 just about the same as that for the pro- 
duction of O+ ion from diatomic oxygen. Experiments were also done with 
helium as a matter of routine and some rather striking effects of water vapor 
were noticed and studied. 


APPARATUS AND PROCEDURE 


Experiments were started with the same apparatus which Harnwell 
had used in the previous year. It seemed, however, to be suffering from age 
and was unable to give reproducible results. After the loss of a good many 
weeks a new apparatus was set up. Except for the elimination of one grid 
and small changes in dimensions it was essentially the same as Harnwell’s 
and it is not necessary to describe it. The procedure was also unchanged. 
Accelerating fields of forty to sixty volts gave electrons from the filament 
plenty of energy to produce ions of all kinds in the gas mixture and the 
relative intensities of the different types of ions were determined by posi- 
tive-ray analysis and studied as a function of pressure. 


RESULTS 


It was not found possible to get exactly reproducible quantitative re- 
sults but by making repeated experiments perfectly definite qualitative 
results were obtained. Runs were made first with pure oxygen, then with 
oxygen and argon, then with pure oxygen again and with pure argon. The 
runs On pure oxygen confirmed Hogness and Lunn’s conclusion that the 
ratio of O,+ to Ot is essentially independent of the pressure, suggesting that 
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Fig. 1. Pure oxygen. Two overlapping runs. Field accelerating the electrons, V;=45 
volts; field to draw out positive ions, V;=2 volts; thermionic current, i=60 microamps. 





the O+ is formed directly by electron impact without the need of additional 
collisions. This is, of course, in contrast to the cases of hydrogen and nitro- 
gen. The relative intensity of O+ and Of is much more like that found in 


*H. D. Smyth, Proc. Roy. Soc. 105A, 116 (1924). 
¢ Hogness and Lunn, Phys. Rev. 27, 732 (1926). 
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the early work of Smyth’ than in Hogness and Lunn’s‘ work. Nor is this 
discrepancy due to impurities as they suggest since both this and the earlier 
apparatus were capable of resolving N+, O*, and H,O*. 

Pure oxygen. An example of the results in pure oxygen is shown in Fig. 1 
where the ordinates are the heights of the “peaks” measured by the electro- 
meter and may be taken as proportional to the numbers of different types 
of ions coming out of the ionization chamber. The points plotted are from 
two different runs taken several days apart and over different ranges of 
pressure. The two runs overlapped in the pressure range from 0.04 to 
0.065 mm and the discrepancy between the two sets of points was sufficient 
in the case of Of to suggest the drawing of two separate curves. Since the 
agreement for the O+ points was much better only one curve was drawn. 
The general shape and relationship of these two curves was perfectly repro- 
ducible but the absolute values of the ordinates were not. The values of 
thermionic current, voltage, etc., for these runs and later ones are given in the 
captions of the figures. 






ie) 


= 


| oe 


2 me a 
LO” | 


Height of peaks 
> GY 

| 
+ 


rm 
| 


Pressure (mm) 


Fig. 2. Equal parts (by volume) of oxygen and argon. V,=41; V2=2; ¢=60. 


Argon and oxygen. The striking feature of the runs on argon and oxygen 
is the increase of the ratio of Of to O+ ions. This is illustrated by the curves 
shown in Fig. 2 and is interpreted as evidence of collisions of the second 
kind of the following type, 


At+0:0;++A (1) 


In attempting to get a run on pure argon the utmost difficulty was 
experienced in getting rid of water-vapor ions. When a blank run or one 
with oxygen or a mixture showed no trace of H,O+ a run with the most 
carefully dried argon gave quantities of it, increasing very strongly with 
increased pressures. Prolonged baking out of connecting tubing, etc., reduced 
it but never eliminated it entirely. The curves in Fig. 3 give an example — 
of the situation after drastic attempts at drying. The smallest intensity 
obtained was roughly one-half of that shown. This continued presence 
of H,O0+ ions is interpreted as evidence of the occurrence of the reaction, 
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At+H,0—A-+ H,0+ (2) 


Furthermore, the smallness of the water “peak” in oxygen even when it 
was intentionally wet suggests the likelihood of the reaction, 


H,O++0,-0,++ H,O (3) 


It was difficult to estimate the amount of water vapor in the tube but it 
was certainly very small. Speaking qualitatively it appears that the reac- 
tion (2) is very probable indeed, 
more so than any other electron 
transfer observed either here or 
in Harnwell’s work while (1) is 
at fairly probable and we have no 
way of estimating the probabil- 
ity of (3). 

Now the I. P. of water has 
been determined experiment- 
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account for the strength of the 
reaction (2) and suggests either that there is another I. P. for H,O 
corresponding to the removal of a different electron or that the ionization 
by a collision of the second kind is accompanied by excitation to a higher 
vibration state than results from ionization by electron impact. This last 
hypothesis seems more likely but our knowledge of energy levels is insuffi- 
cient to test it in this or analogous cases. 


Fig. 3. Carefully dried argon. V; =45; V2=2;1=60. 
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Total pressure (mm) 
Fig. 4. Equal parts (by volume) of oxygen and neon. V,;=50; V2=2; «=60. 
As to the I. P. of oxygen we can say definitely that it is below that of 


argon. Judging from the probability of reaction (1) we should say con- 
siderably below, perhaps even less than 13 volts which would mean that 


5 Barton and Bartlett, Phys. Rev. 31, 822 (1928) 
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that same I. P. was involved in (3) as in (1). This would agree with the 
results of Hogness and Lunn rather than with those of Smyth and others. 
However, we cannot be certain that there are not two I. P.’s in this region. 
Attempts to make critical potential runs with the present apparatus were 
rather unsatisfactory although they showed that the different types of ions 
appear in the expected order, first Of then At and finally Ot. 

Neon and oxygen. Since the I. P. of neon is known to be 21.6 volts, very 
near to that for O+ it was thought mixing in neon might have a marked 
effect on the intensity of O°. That this was the case is evident from Fig. 4 
which shows the relative intensity of Ot very much enhanced. This is inter- 
preted as the result of the reaction 


Net+0.—Ne+0+0+ (4) 


which appears to be quite probable. 

In the mixtures of neon and oxygen a curious effect was noticed. After 
oxygen had been in the tube it was found very difficult to get any neon ions, 
apparently because the electrons never got sufficient velocity to ionize neon. 
This was in spite of the fact that the applied voltage was more than twice 
the I. P. It was thought that the violent measures used in trying to get rid 
of water vapor in the experiments on argon might have distilled some grease 
from one of the liquid air traps on to the platinum grid in the ionization 
tube and that a charged layer was being formed. Taking the apparatus 
down and cleaning it reduced the effect considerably but did not eliminate 
it. Critical potential runs still showed the peculiar result of approximately 
correct I. P.’s for oxygen but values 10 to 15 volts too high for neon. Check 
experiments with argon showed no such effect but it was quite strong in 
helium. The experiments on which the conclusions as to reaction (4) are 
based were taken with high (about 50 volts) accelerating potential and 
there is no reason to suppose that they are at all invalidated by this “layer” 
effect. It remains as an observation probably of no real importance but not 
entirely explicable. 

Helium and oxygen. The experiments with mixtures of helium and 
oxygen showed the expected result, that is evidence of the occurrence of 
the reaction, 


Het++0,.—-He+0+0+ (5) 
but with smaller probability than (4). 


CONCLUSION 


These experiments have confirmed previous conclusions as to the pro- 
cesses of ionization in oxygen and the transfer of electrons by collisions of 
the second kind. They have brought to light the high probability of the ioni- 
zation of water vapor by argon ions. But they have not had much success 
in solving the problem of the correct value or values of the I. P. of oxygen. 

PALMER PuysiIcaAL LABORATORY, 


PRINCETON, N. J., 
July 23, 1928. 
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THE IONIZATION PROCESSES OF IODINE INTER- 
PRETED BY THE MASS-SPECTROGRAPH 


By T. R. HoGNEss AND R. W. HARKNESS 


ABSTRACT 


Positive ions produced in iodine by electron impact.—With an apparatus pre- 
viously described in which positive ions, formed by electrons of definite energy 
are accelerated and then deflected magnetically around a semicircle into a Faraday 
cylinder, the relative numbers of the ions I*, I,*+, and I;+ were measured as a function 
of pressure from 2X 10-5 to 4X10-* mm. In the primary process of electron collision, 
I+ and I,*+ were both formed. I,* was also formed in secondary collision from I+ by 
the process I++1,=I,*++I1 and I;+ was formed from I,*+ by the process I;++I,=I;* 
+I. Evidence and argument against other possibilities are given. The disappearing 
potentials of I+ and I,* were found to be identical, 9.3 volts. 

Negative ions formed from iodine gas and free electrons._-Three negative ions 
I-, I,-, and I;~ were found to exist in quantities comparable with those of positive 
ions. Pressure-intensity relationships of these ions were also determined. I” is 
formed both near the filament and in the ionization chamber according to the equation 
I,+E-=I-+I. I.” and Is are not formed by collision with free electrons but as a 
result of secondary collisions of I- and I:-, respectively, with I, molecules: 
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Fig.1. Schematic arrangement 


I-+1,=12-4+1; 1°+1.=1s-4+1. 


HE amount of spectroscopic and critical potential information con- 

cerning the halogens, acquired during the last few years, has made a 
study of the ionization processes occuring in these gases very desirable, 
but because of the relatively great reactivity of these elements such a 
study has thus far been postponed. Studies of all these elements may 
be impossible but knowledge of the ionization processes occurring with any 
one of them can, perhaps, be applied generally to the others. Iodine 


was selected for this investigation, offering perhaps 
- less experimental difficulty than will the other 
members of this group and being that element 
about which we have the most information. 

A new apparatus was constructed for this 
work. In principle, it was the same as that em- 
ployed by Hogness and Lunn, Smyth and others! 
‘\ _|° differing in detail from that of Hogness and Lunn 





— 4*— in that larger pole pieces and greater field strengths 
H /) were used, thereby giving greater resolution for 
4 ions of greater mass. The radius of curvature of 


the ion path was7cm instead of 5 cm formerly used, 
of Gn Gein and a field strength of 20,000 gauss was possible; 
: 16,000 gauss, the maxmum used in this investi- 


1 For references, see Smyth, Phys. Rev. 25, 452 (1925), Hogness and Lunn, Phys. Rev. 
30, 26 (1927). Barton and Bartlett, Phys. Rev. 31, 822 (1928). Kallman and Bredig, Zeits. 
f. Physik 34, 736 (1925). 
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gation, made it possible to determine a mass of 381 with about 1 percent 
accuracy. 

In discussing the present work, it will be occasionally necessary to refer 
to the various electrical fields employed. To facilitate the discussions, a 
schematic arrangement of the fields is given in the accompanying figure. 
The diagram indicates the distances between the various gauzes and the 
path of the positive ions. When negative ions were studied, V2, Vs and the 
polarity of the magnetic field were reversed. Electrons from the filament 
F enter the ionization chamber J and here produce ions of the gas. The 
various ions formed here follow the path indicated in the diagram. The 
magnetic field in the region H is kept constant and the e/m value for each 
ion is determined by the value of the voltage in the field through which 
the ion falls, according to the relationship 


e/m=2V /H*r? 


where V is the applied voltage, H the magnetic field strength and r the 
radius of the circle which the ion follows in the magnetic field 


PosITivE Ions 


The following processes represent the mechanism of the principal reac- 
tions producing the positive ions, I*, I,+ and I,*t: 


(1) I:=1,++E- (3) I++I,=1,++I 
Primary processes: Secondary processes: 
(2) I.=I++I+E- (4) I,++1,=1,;++I1 


The method of distinguishing between primary and secondary pro- 
cesses was the usual one of determining the dependence of the relative 
intensities of the various ions upon pressure. Four different pressures were 
employed, 4x10-*, 7x10-*, 1x10 and 2X10-*, a pressure variation of 
200 fold. These pressures are the equilibrium pressures of the vapor over 
solid iodine at —18.5°, —33°, —45°, and —55°C, respectively. The iodine 
was contained in a large tube immediately adjoining the ionization chamber. 
The variations of the relative intensities of the four ions I*, I,+, Is+, and I*+* 
are shown in Table 1. Each determination is the mean of several. 


TABLE I. Variation of the relative intensities of the ions I*, I3*, Is*, and I**. 








Pressure in mm 2x10-* 1x10~ 7x10- 4x10-3 
Intensity of I,+ 











Intensity of I* 6 

Intensity of I;* 

Intensity of I+ - Very small 0.26 2.5 
I ity of I++ 

ntensity o ™ al ca is 


Intensity of I* 












The first intensity ratio against pressure given in the table indicates that 
the formation of I,+ is a secondary process involving the comsumption of 
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I+, formed by a primary act, but if I.+ were formed only by a secondary 
process, then the intensity ratio of I,+ to I*+ should fall practically to zero 
at the lowest pressure. The fact that at this very low pressure the intensities 
of I.+ and I* are of the same order of magnitude indicates that I,* is also 
formed by a primary process (Eq. 1). The mean free path of the ions at 
this lowest pressure is so large as to preclude the possibility of such a large 
proportion of necessary secondary collisions. This view is, to some extent, 
substantiated by the very small absolute intensities of both ions at this 
pressure; long free paths for the electrons and ions going hand in hand. 

The simplest primary process is then represented by I,=I.++E~-. The 
primary process involving the formation of I*+ may be either the spontaneous 
dissociation of the iodine molecule, simultaneous with its ionization, or it 
may be the ionization of the iodine atom formed by thermal dissociation at 
the filament. The former of these processes is, we believe, the principal one. 
While it is true that there would be a large percentage of atomic iodine 
present if the gas came to thermal equilibrium with the filament, it is, on 
the other hand, evident that on account of the clean-up of atomic iodine 
by the metallic walls? and the possibility of recombination on the different 
surfaces the amount of atomic iodine present in the ionization chamber 
could not be appreciably large. This is substantiated by a study of the dis- 
appearing potentials of the ions I+ and I,;+. Smyth and Compton and more 
recently Fruth* have found that the ionization potential for the atom is 
8 volts while that for the molecule is 9.5 volts, a difference of 1.5 volts. 
In our work, there was no appreciable difference found between the dis- 
appearing potentials of I+ and I,+. The I* cannot then be formed from the 
iodine atom in appreciable quantities. The only possibility left is the pro- 
cess I, =I++1+E£-. 

The formation of I;+ must be a secondary process. The second ratio in 
the above table clearly proves this. Here again there are two possible pro- 
cesses accounting for its formation, I,++I.=I;++I and I++I,.=I;+. The 
former of these is undoubtedly the process occurring. The latter is ruled 
out by the necessity that the relative kinetic energy of the colliding I+ ion 
and the I, molecule plus their internal energies be equal to one of the dis- 
crete quantum levels of the resulting I;+ ion.‘ Without energy dissipation 
through light emission or collision with a third body, such a process is 
impossible or at least extremely improbable. Only when the relative kinetic 
energies of the colliding particles are exactly equal to the energy of some 
quantum state of the resulting molecule can this process take place. While it 
is possible that infra-red light is given out we do not believe it to be the case, 
since no such spectrum due to recombination between atoms or molecules has, 
as yet, been observed. The process we are urging is principally a tertiary one 


2 Professor Franck has informed us of some unpublished work by Bonhoeffer on such a 
clean-up of atomic iodine. 

3H. D. Smyth and K. T. Compton, Phys. Rev. 16, 501 (1920); H. F. Fruth, Phys. Rev. 
31, 614 (1928). 
* See Born and Franck, Zeits. f. Physik 31, 410 (1925). 
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since most of the I,*+ ions are themselves due to a secondary process. There 
should then be a larger rate of increase of the ratio I;+/I*+ with pressure. 
With a five or six-fold increase in pressure, there is about a ten-fold increase 
in the ratio I;+/I*+ while there is only a two-fold increase in the I;+/I*+ due 
to a secondary process for this same pressure change. The evidence favors 
the process I,.++1,=I;++I. 

The secondary formation of I,+ can only be I++I,.=I,++I, a collision 
in which the I* ion robs the Iz molecule of an electron. That this process 
can take place it is necessary that either the I* ion is in an excited state or 
that the ionization potential for the formation of I+ from atomic iodine is 
greater than that for the formation of I.+ from the molecule. It is rather 
improbable that sufficiently large numbers of the I+ ion would remain in 
the excited state, so we must conclude that the iodine atom has a greater 
ionization potential than the iodine molecule has, to form unexcited I,*; 
a conclusion which, at first sight, appears contradictory to previous experi- 
mental work. Smyth and Compton, and Fruth’ have shown that the forma- 
tion of I+ from atomic iodine requires 8 volts energy and that of I,*+ from Ie, 
9.5 volts. However, as Condon® has pointed out in the case of He, the I,* 
formed by this process may very well retain a considerable amount of energy 
in vibrational form, an amount sufficient to make the ionization potential 
of I, to form unexcited I,+ actually smaller than that of the iodine atom. 
As we shall show later, the most probable transition is, we believe, one 
from the normal molecule I, to an I,* ion with vibrational energy near 
the convergence limit of the vibrational states. That the normal level 
of I,*+ is at least 1.5 volts below the convergence limit of the vibrational 
states, we can prove by thermodynamic argument. The process represented 
by Eq. (3) may be looked upon as the robbing of either an electron or an 
atom from the I, molecule by the I*+ ion. Both processes are thermodynami- 
cally equivalent. The heat of dissociation of the I,*+ formed must be greater 
than 1.5 volts or this process of atom exchange could not occur. This value 
also represents the difference in the observed ionization potentials of Fruth. 
While the normal level of I,+ is not attainable by electron ionization, yet 
in a collision such as that above, this transition may be entirely possible; 
so that the ionization of the I, to the normal state of I,+ would then be lower 
than that of the iodine atom to form I*. 

It is difficult to draw conclusions regarding the formation of I++. This 
ion was found only in small amounts. As the table shows, there is no sys- 
temic variation of I++/I+. It is probably the result of a primary process, 
with the I++ ions disappearing by secondary collisions, as does the I+. The 
concentration of I+ is so small in the ionization chamber as to preclude I++ 
formation by secondary electron ionization of this ion. 

The disappearing potentials were obtained in the usual manner from 
plots of the intensities of the peaks against V,. Corrections were made by 
using argon as the comparison gas, 15.4 volts being taken as its ionization 


5 Condon, Proc. Nat. Acad. 13, 466 (1927). 
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potential. Seven determinations of the disappearing potentials of I,+ 
gave a mean of 9.3 volts with a maximum deviation of 0.3 volts. Taking 
into account the possible error introduced in the method of correct- 
ing for contact potentials, etc., the error may undoubtedly be some- 
what larger than this. Three determinations of the disappearing potential 
of I+ gave an identical value of 9.3 volts. While these absolute values may 
be somewhat in error, it is certain that they are identical within a few tenths 
of a volt. This we take as evidence that the most probable transition is from 
the normal molecule to an ionized one near the convergence limit of the 
vibrational states; those transitions beyond the convergence limit resulting 
in dissociation, and those below into the I,*+ with vibrational energy almost 
equal to the convergence limit. This means that the I,*+ ion has a larger 
moment of inertia than the normal Iz. We have already pointed out that 
the heat of dissociation of I,+ is greater than that of I;. This combination 
is one which is seldom encountered in band spectra work.® 

The disappearing potential of I++ obtained from a single determination 
was 35.0 volts. If we assume that it results from a primary process, then by 
subtracting the heat of dissociation (1.5 volts) and the ionizing potential 
of iodine atom (8 volts), we obtain 25.5 for the ionizing potential of I(II). 
This value is not as accurate as that for the other ions because of the smaller 
quantities present, and may be in error by a few volts. 


NEGATIVE IONS 


Three negative ions were found, I-, I~, and I;~ with intensities of the 
same order of magnitude as those of the positive ions. The principal pro- 
cesses which result in the formation of these various ions we believe to be 
the following: 

(5) I.+E-=I-+I Primary 

(6) I-+I,.=I,-+I Secondary 

(7) I,-+I,=I;-+I1 Tertiary 
The pressure-intensity data upon which we base our conclusions are given 
in Table II. 


TABLE II. Variation of the relative intensities of the ions I~, I:-, and 13. 








Pressure in mm Hg 1x10-* 7x<10- 4x10-3 
Intensity I,- 


0.005 0.1 0.5 
Intensity I- 
intensity I,- 0.4 1.0 2.0 
Intensity I, 
I ‘ * 
ntensity of I~ from filament 5.3 2.9 0.35 





Intensity of I- from ionization chamber 








These results show conclusively that the formation of I~ is the only pri- 
mary process. To demonstrate that the I- was formed, both near or at the 


* See Birge, Molecular Spectra, Int. Crit. Tables, in press. 
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filament and in the ionization chamber, V; was made large and two peaks 
were obtained, one for the I- formed at the filament and one for those formed 
in the ionization chamber. With a constant magnetic field strength, the 
ratio e/m is proportional to V, the applied analyzing voltage, where V is the 
total field through which the ion falls. For those ions formed at the filament, 
V is the sum of V;, V2, and V3; for those ions formed in the ionization cham- 
ber, it is equal to V; plus a portion of V2,depending upon where in the chamber 
the ion is formed. The same total voltage must be applied to have ions of 
the same e/m value traverse the same path through the magnetic field. 
For those ions formed in the ionization chamber, V3; must be larger than 
for those formed at the filament and two distinct peaks are thus obtained 
when V; is large, V2 small and V; varied. By reversing the field V2, that 
peak due to the ions formed in the ionization chamber, was obliterated, 
while that due to the ions formed at the filament was unaffected. The ions 
I,- and I;~ were formed only in the ionization chamber. 

Since I~ is formed by a primary process and as we have seen from the 
results on positive ions that there is no appreciable amount of atomic iodine 
present, the mechanism for the formation of I~ must be either I,+E-= 
I-+I or I.=I-+I*. If the latter of these processes were the only one 
occurring, I~ would not be obtained at voltages lower than that necessary 
to produce I+. The I~ ion has been obtained with electron voltages as low 
as 3 volts. These ions are undoubtedly also formed with electrons of zero 
velocity but it was always necessary to maintain a small voltage in the field 
to draw the negative ions along the path necessary for analysis, so fields 
less than 3 volts were impracticable. This alone does not eliminate the pos- 
sibility that at higher voltages the latter process accompanies the former. 
We calculate that, if this were true, I+ should be produced with electrons of 
6 volts, assuming the electron affinity of atomic iodine to be 3.5 volts’ and 
taking 8 volts as the ionization potential of the atom* and 1.5 volts® as the 
heat of dissociation of I,. This is far outside the limit of error of our mini- 
mum value of 9.3 volts. Furthermore, we should expect that with the transi- 
tion of an electron from one atom to the other in the iodine molecule, 
simultaneous dissociation would be improbable. In general, dissociation, 
simulataneous with any electron transition in a molecule occurrs only 
when the moment of inertia in the excited state is greater than that in the 
normal or initial state.“° On account of the polar nature of the molecule 
resulting from the transtition of an electron from one atom to the other, 
we should expect the attraction between the positive and negative com- 
ponents of the molecule to be greater and hence the moment of inertia 
smaller; a condition under which simultaneous or spontaneous dissociation 
could not occur. Therefore, we believe, the first process, 1,+E~=I-+1 is 
the only primary one that occurs in the gaseous phase. If, as we believe 


7 Born, Verh. d. Deutch. Phys. Ges. 21, 13 (1919); 21, 679 (1919). 
8 Fruth, reference 3. 
* Kuhn, Zeits. f. Physik 39, 77 (1926). 

10 See Franck, Trans. Faraday Soc. 21, 536 (1925). 
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this process occurs with electrons of zero velocity, then the electron affinity 
of atomic iodine must be greater than 1.5 volts, the heat of dissociation of 
the iodine molecule. 

Since I,~ is formed by secondary collision, the process can only be that 
represented by Eq. (6), I-+I.=I,.-+I1. The rather surprising conclusion 
here is that the electron affinity of molecular iodine is greater than that of 
atomic iodine. It is important here to emphasize that the process I,+E-= 
I,;- does not take place in spite of the tendency of this process to be greater 
energetically than that of the primary process (Eq. 5). As has been pointed 
out above, it would be necessary that radiation be emitted in this process. 
The evidence seems to be continually increasing that such double-collisional 
processes resulting in the formation of a single molecule never take place 
in chemical reactions. It might, however, seem reasonable to expect I.- 
ions to be formed in contact with the filament, contrary to experimental 
fact. We do not venture a guess as to the mechanism of the process occurring 
in contact with the filament. It is complicated on account of the filament’s 
being at a relatively high temperature as well as being a source of electrons. 

There are two possible processes for the formation of I;~: the one we 
have already given in Eq. (7), I.-+I2:=I3-+I and I-+I,=I;-. Examination 
of the data given in the second line of Table II indicates that I;~ is formed as 
a tertiary process, formed from I,~ as represented in the former of the two 
possibilities given. The same triple-collision or light-emission argument 
used previously applies here against the latter process. It seems, perhaps, 
a bit surprising that the relative amount of I;~ should be as great as it is, if 
it is formed by a tertiary process. However, this can easily be accounted 
for by assuming a mean free path of I,~ slightly smaller than that of I-, not 
an unreasonable assumption. 

The possibility that any of the ions are formed on the surface of the gauzes 
is, we believe, ruled out by the reproducibility of the intensities of all of the 
ions. 

Returning to the primary process (Eq. 5), it is interesting to speculate 
on the mechanism of the process occurring here. We have shown that this 
process occurs even when the electrons have considerable velocities, as high 
as 30 volts (no upper limit was determined). The very interesting question 
of the dissipation of the excess energy arises. If all of it is in the form of kine- 
tic energy of the dissociating partners, it is difficult to picture such a mechan- 
ism in the way Franck’® has done for the dissociation of molecules excited 
by light absorption or electron impact. If it is all emitted by radiation, 
why then is not I,~ formed as a primary process? It may be a combination 
of these but none of these possibilities is reconcilable with any existing 
knowledge." 

CHEMICAL LABORATORIES, 


UNIVERSITY OF CALIFORNIA. 
August 3, 1928. 


1 It has been suggested that the negative ions could be formed from the secondary elec- 
trons of the positive ion process. It is difficult to account for a sufficient number of such sec- 
ondary electrons to give the large intensities of I ions observed here. 
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THE EFFECT OF WATER VAPOR ON THE 
MOBILITY OF GASEOUS IONS IN AIR 


By Henry A. ERIKSON 


ABSTRACT 


In this paper additional results are given which indicate that an HO molecule 
gives up an electron to the final positive air ion and thus forms an H,O* ion of a 
greater mobility. Results are also given showing that the reciprocal of the mobility 
bears a linear relationship to the humidity. 


N AN earlier paper' attention was called to the effect of water vapor on 

the mobility of gaseous ions. It was there shown, as found earlier by 
Tyndall and Grindley,? that the mobility of the positive and negative ions 
in air diminishes as the amount of water vapor is increased. It was also 
there shown that when water was added to the air the number of initial 
positive ions (mobility 1.87) was increased at the expense of the number of 
final positive ions (mobility 1.36). In this paper results obtained under 
more favorable conditions are given which confirm the above. The arrange- 
ment of the apparatus was as shown in Fig. 1. 


4000 v 





dry air moist oir dry air moist air 
Distance d (cm) 


Fig. 1. Showing apparatus used and the increase in the number of initial 
positive ions when H,0O is added.’ 


Air was drawn between the plates A and B which formed the bottom 
and top of a rectangular tube having ebonite sides. The distance between 
plates A and B was 3.5 cm. The width of this tube was 5 cm and its length 
70 cm. The fan was driven by means of a cream-separator worm connected 
by a link belt to a synchronous motor. The speed of the air was of the order 
of 3000 cm/sec. The potential between plates A and B was of the order of 
5000 volts and was obtained from a storage battery. The ions were pro- 


1 Erikson, Phys. Rev. 30, 343 (1927). 
* Tyndall and Grindley, Proc. Roy. Soc. A110, 358 (1926). 
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duced in the side tube JT by means of a polonium plate at P, the position of 
which determines the age of the ions. M is a trough designed to hold water 
for humidifying the air. 


RESULTS SHOWING THE EFFECT OF WATER ON THE RELATIVE 
NUMBER OF INITIAL AND FINAL POsITIVE IONS 


The polonium plate P was placed so as to give comparable numbers of 
the initial and final positive ions. 

Curve A, Fig. 1, was obtained with no water in the trough M and nor- 
mally dry air passing through the apparatus. The ordinates are proportional 
to the currents to the electrode F and the abscissae are the corresponding 
downstream distances of the electrode F. The maximum at m is for the 
initial positive ion (mobility 1.87 cm/sec per volt/cm) and maximum 1 is 
for the final positive ion (mobility 1.36 cm/sec per volt/cm). 

Water was then placed in the trough M. The conditions otherwise remain- 
ing identical. The water, through evaporation, passed into the on-coming 
air stream containing the ions. Curve B, Fig. 1, was obtained under these 
conditions. The maximum o is for the initial positive 1.87 ion and the 
maximum is for the final positive 1.36 ion. The rise in the maximum 0 
shows that there was a marked increase in the number of initial ions, whereas 
the drop in the maximum # shows that the number of final positive ions 
decreased. 

The positions of the polonium plate P and the trough M were then 
interchanged so that the trough was on the upstream side of P. In this case 
therefore the humid air was ionized. Curve C, Fig. 1, was obtained when 
there was no water in the trough. Maximum gq is for the initial positive ions 
and r for the final positive ions. Water was then placed in the trough M and 
the curve D, Fig. 1, was obtained. The rise in the maximum s shows that 
again there was a marked increase in the number of initial positive ions and 
the lowering of the maximum ¢ shows that there was a decrease in the number 
of final positive ions. No change was observed in the negative ion. 


INTERPRETATION 


In earlier publications® the author has expressed his conviction that the 
initial positive 1.87 ion is one molecule large and that the final positive 1.36 
ion is two molecules large. On this basis the above results mean that water 
increases the number of one-molecule ions at the expense of the two-molecule 
ions. The action no doubt is that a water molecule gives up an electron 
to the two-molecule air ion thus forming a one molecule H,O positive ion. 
This process should be possible as the ionization potentials of nitrogen and 
oxygen are of the order of 16 volts, whereas the ionizing potential of H,O 
is of the order of 13 volts. On the other hand recent results by Smyth and 
Stueckelberg‘ indicate the reverse process in the case of H,O+ and Oz. Since 
there are indications that O, has an ionization potential also of the order of 


* Erikson, Phys. Rev. 28, 372 (1926). 
* Smyth and Stueckelberg, Phys. Rev. 32, 779 (1928). 
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12 volts and since the final positive air ion is a double molecule complex 
of nitrogen or oxygen, it is not clear that the interpretation given above is 
in conflict with the results referred to. 

That the initial air ion is similarly affected is of course fully as probable. 
This however can not be detected because only one-molecule bodies are 
involved thus giving rise to no change in mobility. Since all one-molecule 
ions have practically the same mobility in air, the ions H,Ot, N.* or O,+ 
can not be distinguished by mobility measurement. 


RESULTS SHOWING THE EFFECT OF HUMIDITY IN THE AIR ON THE MOBILITY 
OF THE NEGATIVE AIR ION 


The essential part of the apparatus was the same as shown in Fig. 1. 
A large chamber was placed at each end of the tube as shown in Fig. 2. These 
were connected above so as to permit recirculating the air. Arrangement 
was made so that a dry bulb and a wet bulb thermometer could be inserted 
at Q in order to determine the amount of H,0O in the air. 




















\ J 














-~ —— 
motor | 
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Fig. 2. Showing apparatus used in determining the effect of humidity on 
the ionic mobility. 








As the mobility, in this case of constant air pressure, depends upon the 
temperature of the air it was necessary to keep the temperature from chang- 
ing. This did not introduce a serious difficulty as the normal running 
equilibrium temperature was used which was about 5° higher than room 
temperature. The humidity was increased by approximately the desired 
amount by placing the required volume of distilled water in a copper boiler 
and evaporating it to dryness, allowing the vapor to pass into the apparatus. 

The results are shown graphically in Fig. 3. The ordinates are the down- 
stream distances (d) of the center of gravity of the curves obtained for each 
humidity. These are the average of the abscissae for all the points which 
are one centimeter apart on each curve. 
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The expression for the mobility is k=h’v/ Vd or d=h*v/ Vk, where h is 
the distance between the plates, v the speed of the air, and V the potential 
between the plates. 

Since d is proportional to the reciprocal of the mobility k, Fig. 3 shows 
that the relation between the humidity and this reciprocal of the mobility . 
is linear. In terms of the quantities involved the expression for the mobility 
is k =h*v/ V(lm+d,) or k =a/(lm+b), where dois the distance at zero humidity, 


A- Average curve for all 
points on Curve B 


Percent humidi 


Percent humidity 


Fig. 3. Showing the linear relation between the percent humidity and the reciprocal of the 
mobility of the negative ion. 


and m is the absolute humidity. This therefore agrees with Blanc’s® law which 
may be expressed by the relation k =a,/(nc+,),where a; and 5, are constants 
and ¢ is the partial pressure. 

Blanc’s law is derived on the basis that the resistance to the motion of an 
ion is the sum of the resistances of the different gases present and that these 
partial resistances are proportional to the partial pressures and to the 
reciprocal of the mobility of the ion in these gases. 

The linear relationship in this case apparently shows that the water vapor 
offers an independent resistance to the motion of the negative ion or in other 
words that the resistance to motion of water vapor is similar in character 
to the resistance introduced when CO, or Hz is added to the air. 

The author wishes to thank the Executive Committee of the Graduate 
School of the University of Minnesota for its financial aid in this research. 


PHYSICAL LABORATORY, 
UNIVERSITY OF MINNESOTA. 
July 30, 1928. 


5 A. Blanc, Jour. d. Physique 7, 825 (1908); S Loeb, Phys. Rev. 32, 86 (1928). 
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EFFICIENCY OF IONIZATION IN HYDROGEN BY 
POSITIVE-ION IMPACT AT 7000 VOLTS 


By RonaLp W. GuRNEY 


ABSTRACT 


Hydrogen at low pressure is bombarded with potassium positive ions of 7000 volts 
energy in a tube attached to a positive-ray box. Any hydrogen ions and scattered 
potassium ions passing into the latter are distinguished by mass analysis. The 
applicability of this method for measuring the efficiency of ionization is discussed. 
If the hydrogen molecules receive kinetic energy from the 7000-volt ions which 
ionize them, they will be scattered in all directions, and only those which happen to 
be projected towards the slit will enter the positive-ray box. But if ionization is 
unaccompanied by transfer of kinetic energy, the method is competent to compare 
the ionizing efficiency with that of electron-impact. With small positive-ion emissions 
no ionization was detected; with larger emissions a violent discharge took place 
through the tube. The conclusion reached is that either the ionizing efficiency is 
less than 1/150 of that of 50-volt electrons, or else that ionization is accompanied by 
transfer of kinetic energy. 


N EXPERIMENTS which have hitherto been made to study ionization 

of gases by positive-ion impact, the effect looked for seems always to 
have been masked by spurious effects. Although in bombarding a gas with 
electrons the presence of positively charged particles may be accepted as 
evidence of ionization, this method is of course excluded in the case of posi- 
tive-ion impact, unless a method is provided for distinguishing the secondary 
ions from the, primary. Horton and Davies,' and Hooper* who repeated 
the earlier work of Pawlow,* accordingly used the converse method, that of 
looking for the presence of electrons liberated from the gas by the positive 
ions. Unfortunately the liberation of electrons from the metal electrodes 
was found to mask completely the effect looked for, in helium up to 200 
volts and in hydrogen up to 900 volts. Since vapor from stop-cock grease 
does not seem to have been excluded in either of these experiments it is pos- 
sibile that this copious liberation of electrons came not from the metal but 
from an adsorbed layer. 

If the gas bombarded is of different molecular weight from the ions of 
the primary beam, the presence of secondary ions can be shown by any 
method of mass analysis. In the experiments to be described a positive-ray 
box of the Dempster type was used together with the method of differential 
pumping employed by Smyth and others; adiagram will be found in a previous 
paper.‘ The source of positive ions was catalyst oxide, deposited on a plati- 
num filament. An accelerating voltage applied between this filament and 
a nickel gauze directed a beam of ions down the axis of the tube, so that the 

1 Horton and Davies, Proc. Roy. Soc. 95, 333 (1919). 

? Hooper, J., Franklin Inst. 201, 311 (1926). 


* Pawlow, Proc. Roy. Soc. 90, 348 (1914). 
* Gurney, Phys. Rev. 32, 467 (1928). 
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gas in the region above the slits was bombarded by the ions. The nickel 
parts were all outgassed by an induction furnace before assembling. The 
procedure for identifying any type of ion was that usually employed: the 
accelerating voltage between the two slits of the positive-ray box is varied 
over the range previously determined by calibration; on plotting the elec- 
trometer deflection against the applied voltage, the presence of a group of 
ions appears as a “peak.” Before going into detail it will be well to con- 
sider the circumstance under which the method will be competent to mea- 
sure the efficiency of ionization. 

To pass through the second slit of the positive-ray box, an ion must have 
been travelling down nearly perpendicular to the upper slit. In the case of 
electron-impact this is easily achieved by drawing the ions down by a small 
collecting field; for the molecule ionized has a very small thermal velocity, 
and receives practically no kinetic energy from the electron which ionizes 
it. But from a positive ion possessing 7000 volts energy the molecule can 
receive a large amount of kinetic energy. If this occurs, the molecules will 
presumably be scattered over a hemisphere, and only those ions which 
happen to be projected nearly vertically downwards will be collected unless 
a huge collecting voltage be applied. But if a large collecting voltage were 
used, the ions formed at various distances from the slit would fall through 
very different amounts of potential, and would be spread out over a large 
range of velocity. On varying the field between the two slits of the positive- 
ray box no “peak” of secondary ions could be identified, especially if they 
have already received different amounts of energy from the positive ions 
which ionized them. 

It is clear, therefore, that if the process of ionization resembles that by 
electron-impact in that no appreciable kinetic energy is transferred to the 
molecule ionized, then this method is competent to measure the ionizing 
efficiency. But in all other cases it is not competent. 


RESULTS 


In the earlier experiments hydrogen at a pressure of 1.7X10-* mm was 
maintained in the ionization chamber. It could be bombarded alternately 
with electrons of 50 volts or with potassium ions of 7000 volts energy. A 
fuse was inserted between the tube and the 7000-volt terminal of the con- 
stant-voltage kenetron set, which had been kindly loaned by the General 
Electric Company. The collecting voltage to draw the ions towards the 
slits was 50 volts. 

First using electron bombardment with an emission of only 0.12 micro- 
ampere, the H,* peak was easily found and its height measured. Emission 
of positive ions was then started instead, and searches were made for hydro- 
gen ions at various voltages of the primary beam up to 5000 volts, but 
without finding any peak outside the experimental error. A small emission 
of primary ions at 7000 volts was then used, and this emission was increased 
by steps. When the emission was raised to 0.65 microampere a discharge 
took place in the tube, and the fuse blew with a loud explosion. No hydrogen 
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ions had been detected at the lower emissions, and the ionizing efficiency 
must have been less than 1/60 of that of the 50-volt electrons used, as 
computed from the height of the smallest peak that would have been de- 
tected. 

A lower pressure of hydrogen was then used, 8X10‘ mm. A positive 
ion emission of 1.1 microampere was maintained for some time at this pres- 
sure and 7000 volts. Search was made both for H,+ and H* ions, but none 
were found with certainty. When the readings of the electrometer were most 
consistent, it was found that the ionizing efficiency was certainly less than 
1/150 of that of the 50-volt electrons. This yalue is again obtained by con- 
sidering the height of the smallest peak that could be detected, and by 
assuming the width of the peak to be the same as that of the peak obtained 
by electron bombardment. But, as pointed out above, the peak may be 
many times wider. When larger emissions were tried at this voltage and pres- 
sure, a discharge always took place, and the fuse exploded. 

This sudden discharge is presumably due to cumulative ionization. This 
may be caused by the liberation of electrons from the molecules of the gas 
by positive-ion impact, or may be due to electrons released from the elec- 
trodes either by the positive ions or by photoelectric action. 

On the other hand, ionization may be taking place all the time but 
be undetected because of the transfer of momentum discussed above. In 
the apparatus described we were looking for ions drawn from the beam at a 
right angle, and there was the question whether it would be better to look 
for ions at some other angle. The source was therefore mounted so that the 
beam could be set at any angle, but the search for hydrogen ions was no 
more successful than before. This was to be expected, since if there were a 
considerable variation with angle this could only mean that the ions were 
being projected by the ionizing impact; and all the ions not actually pro- 
jected through the second slit would be almost unaffected by the collecting 
field. 

At the meeting of the American Physical Society, April 1927, a paper 
on ionization of HCI vapor by positive-ion impact was presented by W. M. 
Nielsen.’ The method was the usual one of looking for negatively charged 
particles, which were said to have been found with impinging ions of only 
34 volts energy. It was suggested that the HCI molecule was being dis- 
sociated into ionized components. 

HCl vapor was accordingly substituted for the hydrogen, and a brief 
search was first made with the positive-ray box for H+ ions and ClI~ ions, 
but without finding either. Then HCI* ions were looked for, but it was found 
that any such ions were being masked by the potassium ions from the primary 
beam, which were coming into the box in enormous quantities, after having 
been scattered around the walls of the nickel ionization chamber. When 
hydrogen was being studied this effect had been inappreciable because of 
the great difference in the atomic weight, and consequent difference in the 
value of the magnetic field required to bend the ions round the semicircle 


5 Nielsen, Phys. Rev. 29, 907 (1927). 
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to the Faraday cylinder. But the scattered potassium ions (and ions of 
sodium which was present in the source as an impurity) made it impossible 
to study gases of higher molecular weight. An investigation into this intense 
scattering of ions from metal surfaces was therefore made, an account of 
which has recently been published.* The study of gases has not been carried 
further. 


DISCUSSION 


Compton and Van Voorhis® measured the ionizing efficiency of electrons 
in gases, and correlated their results with the kinetic theory mean free path 
of electrons. They found that in hydrogen (and other gases) the number of 
ionizing collisions for electrons from 50 to 300 volts was about one-quarter 
of the number of kinetic theory collisions. The number of ionizing collisions 
for positive-ion impact seems to be a much smaller fraction of the number of 
kinetic theory collisions. It is of course doubtful what is the minimum 
transfer of energy or momentum which counts as a “collision” in the kinetic 
theory. But a simple calculation shows how small a fraction of 7000 volts 
transferred would suffice to account for the negative results obtained in 
the present experiments. 

Let the half-width of the lower (wider) slit be b and the 
distance between the two slits be d. Let a molecule moving 
v horizontally with a velocity v be ionized, and then acquire a 
| velocity v’ in falling through the collecting potential V. 
The condition for its getting through the second slit is ap- 
proximately that v/v’ be not greater than b/d. If E be the 
- energy in volts corresponding to the velocity v, then 
ab E/V =v*/v'? must not be greater than }?/d?. In the appa- 

Fig. 1. ratus used d=10 mm, )=0.2 mm; so that b?/d? = 0.0004. 

This means that the voltage applied must be 2,500 times 

the initial energy of the ion. This value may be halved to allow for the curva- 

ture of path produced by the other voltage applied between the two slits. This 

condition is just satisfied for thermal energies about 1/25 volt by applying 50 

volts. But if the 7000 volt positive ions transfer as kinetic energy even less 

than one percent of their energy, i.e. less than 70 volts, it is clear that a very 
small yield could be obtained. 

The conclusion reached then is that either the ionizing efficiency in hydro- 
gen is less than 1/150 of that of 50-volt electrons, or that ionization is accom- 
panied by transfer of kinetic energy. 

This work was done during the tenure of a fellowship of the International 
Education Board, to whom my thanks are due. I also wish to express my 
thanks to Professor K. T. Compton and Professor H. D. Smyth for their 
interest in this work. 
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PALMER PHysICAL LABORATORY, 
PRINCETON UNIVERSITY, 
July 23, 1928. 


* Compton and Van Voorhis, Phys. Rev. 27, 730 (1926). 
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SURFACE LAYERS ON TUNGSTEN AND THE ACTIVATION 
OF NITROGEN BY ELECTRON IMPACT! 


By Cart KENTy AND Louis A. TURNER 


ABSTRACT 


A fine tungsten filament at 400°C in active nitrogen is quickly covered with a 
layer which produces a lowering of the resistance of the filament. This lowering of 
the resistance is apparently the result of a lowering of the temperature of the fila- 
ment which occurs because heat is more readily conducted away from the coated 
filament by the gas than from the clean filament. At a given temperature, 15-20 
percent more heat is conducted away by the gas with the layer present. The same 
effect is produced by activating the nitrogen by bombardment with electrons. In 
a tube with a large nickel anode the production of the active agent could be detected 
down to 10.8+0.5 volts. In a tube with a hot tungsten spiral anode of small area the 
effect could be detected down to the ionizing potential (16.3 volts). Traces of 
oxygen cause the spontaneous formation of a layer which renders the filament 
insensitive to active nitrogen. Traces of hydrogen prevent the formation of the 
nitrogen layer and remove it if already present. Experiments with a tube of small vol- 
ume containing tungsten disks of large area show that the amount of nitrogen ad- 
sorbed is of the order of magnitude of the quantity necessary to produce a layer of 
single atoms. Activation of a stream of nitrogen reduces the thermionic emission 
from a tungsten filament in the stream. Similarly, the striking of an arc in nitrogen 
under suitable conditions gives a momentary slight increase of current followed by a 
great decrease, the emission apparently being cut down by the active form of nitro- 
gen produced in the arc. Upon subsequent breaking of the same arc by reducing the 
anode voltage the current drops and then quickly rises to its much higher former 
value at that voltage. With an interrupted arc in pure nitrogen, and in argon con- 
taining a small percentage of nitrogen, an emission of the D lines persists for several 
hundredths of a second after the extinction of the arc. The sodium is evaporated 
from an oxide-coated filament and excited by some active form of nitrogen produced in 
the arc, presumably atomic nitrogen. 


URING an attempt to measure ionizing potentials in a stream of active 

nitrogen it was noticed that the thermionic current from a tungsten 
filament underwent a considerable temporary reduction as the activated 
nitrogen passed over it. Subsequent experiments, to be described below, 
have shown that this decrease was probably caused primarily by an increase 
of the work function of the filament, but it was thought at the time that the 
decrease of current might be accounted for as the result of the cooling of the 
filament by the active nitrogen, assuming the latter to contain nitrogen 
atoms and thus to have a thermal conductivity higher than that of ordinary 
nitrogen. Accordingly, a tungsten filament placed in the steam of nitrogen 
was connected as one arm of a Wheatstone bridge. The nitrogen could be 
activated by a condensed discharge passed between two tungsten electrodes 
up-stream from the filament. It was found that when the filament was white 
hot the active nitrogen increased the resistance slightly. When it was at a 


1 A preliminary account of these experiments was given in Nature, 120, 1927. 
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temperature of approximately 400°C, however, the active nitrogen caused 
a considerable lowering of its resistance which was permanent. This effect 
was permanent in the sense that the filament maintained its new lowered 
resistance after the activated nitrogen had passed on. This is, of course, 
contrary to what one would expect if the filament were to be cooled simply 
because of increased thermal conductivity of the active nitrogen, for this 
latter effect would last only as long as the active nitrogen were present. The 
permanent lowering of the resistance must have been the result of a change 
of the filament. It could be restored to its original condition by flashing it 
at a white heat. 

For subsequent experiments the following simpler arrangement was used. 
The filament, which was of tungsten of a diameter of one mil and 2 cm long, 
was connected in series with a much larger resistance so that the current 
flowing through it was very little affected by small changes of its own re- 
sistance. The larger changes could be measured directly from the change in 
the voltage drop as measured by a voltmeter. Smaller changes were measured 
by a potentiometer, the voltage drop across the filament being balanced 
against a constant potential difference. A micro-ammeter was used as an 
indicating galvanometer. Any small change of the resistance of the filament 
would cause a proportional change in the voltage drop across it, thus putting 
the arrangement out of balance, the current through the micro-ammeter 
being to a first approximation proportional to the change of the resistance. 
The nitrogen used in these experiments was commercial nitrogen taken from 
a tank and passed over hot copper shavings. It still contained a small 
percentage of oxygen as was evidenced by the brilliance of the glow of active 
nitrogen. It was impossible to obtain a brilliant glow in the pure nitrogen 
used later. 

The effect was investigated for various pressures ranging from 0.04 to 5 
mm of Hg. It increased rapidly with pressure being negligible at 0.04 mm 
whereas at 5 mm the resistance of the filament changed by 20 percent. The 
relative changes of resistance were largest when the filament was at a tem- 
perature such that it was just perceptibly red in a dark room. If the filament 
were made much hotter the changes became temporary. The resistance 
would drop while the active nitrogen was present and then slowly recover 
its original value after the active nitrogen had passed. 

The following experiment would seem to indicate that the effect of the 
active nitrogen is to form some kind of a layer upon the surface of the fila- 
ment, rather than to change its volume conductivity. The resistance of the 
filament at room temperature was measured by ordinary methods. It was 
then warmed, treated with active nitrogen which caused the drop in its 
resistance and then allowed to cool to room temperature. Its resistance was 
then the same as it had been in the first place. That the effect of the active 
nitrogen had not been lost before this second measurement of the cold 
resistance was shown by warming the filament again, measuring the voltage 
drop across it, and then flashing it at white heat whereupon its resistance 
rose to the value it had had before the active nitrogen had passed over it. 
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The reduced resistance could not be, however, simply the result of the 
low specific resistance of a thin surface layer, for experiments described 
below indicate that this layer, if uniform, was of a thickness of the order 
of magnitude of atomic diameters and would thus have had to have an 
extremely low specific resistance at the higher temperatures in order to 
influence the measured resistance appreciably. At room temperature its 
specific resistance would have had to be much larger in order that the change 
in resistance caused by the presence of the layer should be inappreciable. 
Such hypothetical properties of the layer are fantastic. It seemed more 
reasonable to believe that in some way the layer caused a lowering of the 
temperature of the filament, the fall of resistance being only that which 
would be connected with such a change of temperature of any tungsten 
filament. 

Such a cooling would result from an increase in the efficacy of any one 
of the processes by which heat is dissipated from a hot filament. Part of 
it is conducted away by the leads, part is radiated away, and part is con- 
ducted away by the gas. One would not expect the first process to be affected 
appreciably by the formation of a layer but the last two could be so affected. 

The efficacy of the dissipation of the energy by radiation would have been 
increased if the layer had caused an increase of the emissive power of the 
surface. If this were the principal cause of the cooling however, one would 
have expected the effect to be most prominent for low pressures of gas for 
which the loss of heat by conduction by the gas would have been negligible 
in comparison with the loss by radiation. As mentioned above, the observed 
effect behaved in the opposite way, increasing rapidly with increasing 
pressure. The following experiment also gave a fairly direct indication that 
the presence of the layer did not increase the emissive power. A coarser 
tungsten wire was placed in the stream of nitrogen. Its surface could be 
cleaned by flashing it at a high temperature. A source of white light was 
arranged so that the light was reflected from this wire and could be observd 
with an eye-piece. The wire was flashed and then brought to a very dull red 
so that it was barely visible in the dark. After the activation of thé nitrogen 
up-stream the wire became quite dark when the active nitrogen reached it 
showing that the layer was being formed and the wire cooled in the normal 
fashion. No change in intensity or color of the reflected white light could 
be detected, however, showing that the coefficient of absorption of the 
tungsten surface for visible light was not markedly affected by the presence 
of the layer. Since, according to Kirchhoff's law, the coefficient of absorption 
and the emissive power are in the same ratio to each other for all bodies at 
the same temperature it is evident that the formation of the layer did not 
produce any great increase of the emissive power of the filament for visible 
light. This was most probably also true for the infra-red radiation actually 
emitted by the warm filament, although not certainly so. 

If it were possible to bring the filament to the same temperature for all 
pressures with and without the layer, one could study the conduction by 
the gas since the heat lost by conduction to the leads and by radiation would 
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be the same in all cases (assuming the emissive power to be the same with and 
without the layer). The changes in the energy supplied to the filament to 
maintain it at the given temperature would be the changes in the amounts 
of heat conducted away by the gas. This ideal experiment was realized to 
a first approximation by adjusting the current through the filament so that 
the resistance was always the same. Equal resistances would mean equal 
temperatures provided that the conductivity of the layer itself wasnegligibly 
small and that the variation of temperature along the filament was the same 
in all cases. The experiment described above indicates that the first condition 
was probably satisfied but undoubtedly with higher pressures and more 
energy being lost by the filament the variation of temperature along it was 
altered so that equal resistances gave equal temperature conditions of the 
filament to a first approximation only. Fig. 1 shows the results of the experi- 
ments. The abscissas are the pressures and the ordinates are the amounts 
of power supplied to the filament to bring it to a resistance of 14.2 ohms, 





~ 


|Ratio 
OQ. ° + Ln QO} <> 
J 
| 
| 





(watts) 


ent 





jwith layer 


without 








240°C 


| 


> 
Pressure (mm) 





£ 
S 
° 
2 
x 
= 
oO! 
a 
> 
a 
1 
© 
3 
6 
a 








Fig. 1. Variation with pressure of the power input necessary to heat the filament to a resistance 
of 14.2 ohms (240°C). 


corresponding to a temperature 240°C. The resistance of the leads was 
negligible. (The data for Fig. 1 were actually obtained by producing the 
layer by means of an arc in very pure nitrogen in the tube with the spiral 
anode described below. Results of the same sort but less complete were 
obtained with the ordinary active nitrogen. There was no reason to believe 
that there was any difference between the results obtained by forming the 
layer in the two different ways.) 

The curve obtained with the layer present being higher, shows that heat 
was more readily conducted away by the gas when the layer was present. 
The fact that the intercepts of the two curves are the same indicates that the 
amount of energy radiated was not appreciably affected by the presence of 
the layer. Its small magnitude shows that the heat lost by conduction to the 
leads and by radiation was very small compared to that conducted away by 
the gas at the higher pressures. If it be assumed that this amount of power 
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was dissipated by metallic conduction and radiation at all pressures, the 
amounts dissipated by gas conduction are obtained by subtracting this 
intercept from the observed power values. These have been computed and 
the ratio of the two values obtained with and without the layer at each 
pressure also plotted in Fig. 1. Within the experimental error these values 
are all the same, the average being 1.19. The difference between the two 
curves must depend upon a difference in the effectiveness of the transfer 
of heat from the filament to the gas molecules since the thermal conductivity 
is a constant of the gas at a given pressure and is not dependent upon the 
properties of particular surfaces. The transfer of heat from solids to gases 
has been studied by many workers. Knudsen” introduced and defined the 
accommodation coefficient, the ratio of the amount of heat conducted away 
from the surface of a solid by a gas molecule to the amount which would 
have been conducted away had the gas molecule reached thermal equili- 
brium with the surface. Langmuir*® showed that the value of the accommo- 
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Fig. 2. Variation with temperature of the power input, with and without 
the layer, at 4.2 mm pressure. 


dation coefficient for different surfaces and gases depended upon the presence 
of surface layers. The present experiments indicate that this coefficient is 
increased by the presence of the layer by about 19 percent at 240°. Our 
apparatus was not one such that it could be used to determine the actual 
value of the accommodation coefficient. 

In order to see how this effect depended upon the temperature, readings 
of current and voltage were made from which could be calculated the power 
inputs for different resistances both with and without the layer at a pres- 
sure of 4.2 mm. The results are shown in Fig. 2. The temperatures were 
calculated roughly by the use of an average value of 0.005 for the linear 
coefficient of resistance of tungsten. The resistance at 22° was 7.15 ohms. 
The percentage increase caused by the layer seems to be very nearly con- 
stant for all temperatures down to 150° below which it seems to decrease. 


2M. Knudsen, Ann. d. Physik 34, 593 (1911). 
31. Langmuir, Phys. Rev. 8, 149 (1916). 
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The experiments were not very accurate and show merely that there was 
no great change with changing temperature. 

This cooling effect presents a sensitive indicator for the presence of 
extremely small concentrations of active nitrogen. It seemed that it would 
be of interest to endeavor to produce active nitrogen by electron bombard- 
ment and if possible to determine the critical voltage for its formation. A 
tube which had been designed originally for determing ionizing potentials 
by the Hertz-Kingdon method was used for these experiments. A diagram 
of the tube is shown in Fig. 3. F is the source fila- 
ment, a source of electrons which were accelerated 
by the voltage applied between it and the grid in 
the side of the cylindrical anode A. This was 4 cm 
in diameter and 8 cm long. F: was the filament 
which served as the detector of active nitrogen or 
as the source of a thermionic current limited by 
space charge when the tube was being used to 
measure the ionizing potential. The nickel anode 
was thoroughly de-gassed by the repeated use of an 

Fig. 3. Diagram of tube. induction furnace. Experiments with this tube 

showed that there was a production of some 
layer-forming agent upon raising the voltage above approximately ten volts. 
Fig. 4 shows typical curves. The abscissas are the times and the ordinates 
are the readings of the micro-ammeter of the potentiometer circuit. Changes 
in the latter are proportional to changes in the resistance of the filament. 
Curve A shows how the resistance changed 
with time when no accelerating voltage was 
applied. The break in Curve B comes at the 
instant that the accelerating voltage from F; 
was applied. 

This fall in the resistance with no applied 
voltage was observed in many of these experi- 
ments and previous to the activation in all the 
experiments with ordinary active nitrogen. It 
indicates the formation of a layer by the un- 

1 activated gas. This can be attributed to the 

Time (minutes) 7 : 
oxygen present as an impurity in the gas. It 
Fig. 4. Typical curves showing was found that if the gas was circulated 
—* resistance of filament through a tube containing a white-hot tungsten 
filament a deposit of blue tungsten oxide was 
formed and that the rate of formation of the layer on the test filament by 
the unexcited gas was steadily reduced. In all the later experiments pure 
nitrogen made by Waran’s method was employed but even this contained 
enough oxygen to cause the spontaneous formation of a layer until it had 
been circulated for some time over the hot purifying filament. By the intro- 
duction of a very slight amount of oxygen (0.1 percent) the original condition 
could be restored and the whole series of effects repeated. When sufficient 
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oxygen was present the layer would form spontaneously so quickly that the 
resistance reached a steady value before the effect of activating the nitrogen 
could be tried. Under these conditions no further cooling was caused by 
the active nitrogen but occasionally a slight warming of the filament was 
detected. This may have been produced by the combination of nitrogen 
atoms at the surface or by some other chemical reaction. Experiments 
of this general sort were performed by Willey and Rideal‘ with filaments of 
various metals, including tungsten. They found that the active nitrogen 
heated all the metals but the effect was small for tungsten. Since they made 
no mention of flashing the filament immediately before each experiment 
in order to clean it, it may be that this was not done and that the effect which 
they observed was the same as ours with the already coated filament. Our 
experience indicates that this layer would probably have formed ‘slowly in 
spite of the high purity of the nitrogen which they used. We also found that 
the addition of a slight amount of hydrogen would quickly clean off a nitro- 
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Fig. 5. Curve indicating critical potential for the formation of the active substance. 


gen layer already formed and would prevent the formation of any further 
nitrogen layer. It did not seem to affect the oxygen layer. These experiments 
explained many puzzling, apparently contradictory results obtained before 
the effects of traces of oxygen and hydrogen were recognized as such. The 
experiments with oxygen suggest the use of such a test filament for the de- 
tection and measurement of small quantities of oxygen in other gases which 
do not affect the filament. 

The nitrogen was activated by electron impact first with an oxide-coated 
platinum strip as a source of electrons and then with a tungsten filament 
for a source thus showing that the effect could not be attributed to anything 
being driven out of the oxide-coated filament by the bombardment of it 
by positive ions. The cooling effect obtained in this way showed the same 
increase with pressure as that obtained with ordinary active nitrogen. It 
persisted as the gas was made as pure as possible by circulating it through 
the tube containing the hot tungsten filament and through liquid air traps 
which kept mercury from the circulating pump from entering the tube. It 


‘E. J. B. Willey and E. K. Rideal, Jour. Chem. Soc. London, p. 2188 (1927). 
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was independent of the potential of the test filament, showing that the layer 
was formed by neutral atoms or molecules. 

With the oxide-coated filament an attempt was made to determine the 
critical potential for the formation of the active substance. The time neces- 
sary for the micro-ammeter to change between two arbitrarily chosen values 
as the filament cooled was measured for each accelerating voltage, the 
filament having been flashed before each observation in order to remove any 
layer already accumulated. The reciprocals of these times gave measures 
of the rates of formation of the active substance. In Fig. 5 the fourth roots 
of these rates are plotted against the corresponding voltages. The fourth 
roots were chosen simply because two straight lines-can be drawn through 
the points plotted in this way. The break indicates a critical potential of 
9.5 volts but the determination of the ionizing potential in the same tube 
with the same gas at nearly the same time indicates that this value should 
be corrected to 10.8+0.05 volts, assuming the value of the ionizing potential 
to be 16.3 volts.* The drop in the rate at the lower voltages is independent 
of the applied voltage, such a progressive change being shown by rates 
obtained with no applied voltage. It indicates a gradual purification of the 
gas during the course of the experiment. 

Because of the apparent extreme sensitivity of the 
test filament it seemed desirable to construct a tube in 
which there would be less metal surface in order to be free 
from any such effects which might arise from substances 
driven from the surface of the metal parts by bombard- 
ment by the accelerated electrons. The tube shown in 
Fig. 6 was constructed with this end in view. The straight 
filament F; was the source of the bombarding electrons. 
The anode A was coiled tungsten wire which could be 
kept hot so as to keep its surface clean. The test filament 
T was placed at the side as indicated. The tube was 
thoroughly baked out before any experiments were made. 
The results obtained with this tube were much the same 

‘ ; as those obtained with the first one except that the 
Fig. 6. Designoftube . .. . —— . 
to reduce area of 10izing potential was the minimum voltage at which any 
enetel cusface. formation of the layer could be detected. The cooling effect 
was obtained when the anode was heated toa bright yellow 
temperature so as to drive off any layer which might have been formed 
upon it previously thus showing that the active substance was not produced 
by bombardment of the anode. It was also obtained when a strong magnetic 
field was produced along the axis of the filament F,, preventing any elec- 
trons from striking the outer walls of the tube, thus eliminating the loosen- 
ing of substances from the walls of the tube by electron bombardment as a 
possible explanation for the effect. It appears that the active layer-forming 
substance can be produced by bombardment of pure nitrogen by electrons 
having more than 16.3 volts of energy. The lower value obtained with the 


5 C, A. Mackay, Phil. Mag. 46, 828 (1923). 























SURFACE LAYERS ON TUNGSTEN 807 





tube containing the large nickel anode is presumably a critical value for 
the releasing of either oxygen or nitrogen from the surface of the nickel and 
it is nearly the same value as that found by Kistiakowsky* for the produc- 
tion of ions by the bombardment of various metals, including nickel, which 
had been exposed to nitrogen. He found that the adsorbed film formed 
upon the surface of a clean iron target very rapidly when a small amount 
of nitrogen was admitted to the tube, without activation. In the present 
experiment, however, the layer which forms spontaneously is apparently 
one of oxygen, upon the tungsten at least. 

The use of a small test filament in a large volume is liable to give spurious 
results because with even a very small percentage of an impurity there is 
enough of it to coat a fine filament. It seemed desirable to construct an 
apparatus of small volume containing tungsten surfaces of large area so 
that the formation of a layer one atom deep on the tungsten surface would 
give a reduction of the pressure far in excess of the possible partial pressure 
of any impurity. An apparatus as indicated in 
Fig. 7 was made. The main bulb contained 42 cir- 
cular tungsten disks supported on a heavy tungsten 
wire and kept apart by small rings made of tung- e E 
sten wire. Each disk was 8 mm in diameter so that 
the total area of the tungsten surface was 42sqcem. «6 F 
The nitrogen could be activated by passing a con- 
densed spark between the two electrodes E or in a 
later experiment by running an arc between a hot 
filament and an anode put in above the disks. The \disks 
filament F was put in in order to test for oxygen by 
cleaning it up with this filament. The pressure was Fig. 7. Design of tube of 
measured by means of the previously calibrated .041 volume and large area of 
hot-wire pressure gauge G of small volume. The tungsten. 
total volume of the tube and gauge and connecting 
tubing to the trap which could be made to cut off the tube from connection 
with the pump was 18 cc. Assuming that a single nitrogen atom occupies 
an area of one square Angstrom unit (probably a little too small) it follows 
that there would be 4.2 X10"’ atoms in a uniform layer of single atoms cover- 
ing the 42 sp cm of tungsten surface. If driven off these would give a pressure 
of 








4-2-10'-760-22.4-108 
2-6- 107-18 





=0.33 mm of N2 


in this tube having a volume of 18 cc, such a pressure being easily measured 
with the gauge. 

One complete experiment was made as follows. The tube was baked out 
at 440° for 3/4 of an hour. Nitrogen to a pressure of 1.9 mm was admitted 
to the tube and a spark passed between the electrodes, to drive gas out of 





* G, B. Kistiakowsky, J. Phys. Chem. 30, 1356 (1926). 
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them, until they were red hot. The bulb was kept at 330° during this process. 
The gas was pumped out and the process repeated. The filament F was freed 
of gas by heating it toa high temperature for some time and then the tungsten 
disks were out-gassed by heating them to a high temperature with the induc- 
tion furnace. The system of small volume was then cut off from the pump and 
it was found that when the disks were glowed for a half minute at a high 
temperature that only a few hundredths of a mm of gas were given off. Pure 
nitrogen was then admitted to give a pressure of 1.9 mm and the system of 
small volume again shut off. While the disks were kept at a dull red by inter- 
mittent use of the induction furnace hot sparks were passed between the 
electrodes, also intermittently so as to avoid undue heating of the electrodes. 
After the tube had cooled it was found that the pressure had dropped to 
1.4mm. The tube was then evacuated and again shut off. The furnace was 
put around it and the tube heated to about 400° for 15 minutes and the fila- 
ment flashed. Approximately 0.05 mm of gas were thus recovered. The tube 
was exhausted for 10 minutes being kept at a temperature of 400°. It was 
then immersed in liquid air, shut off again, and the disks heated yellow for 
about thirty seconds. This had to be done intermittently because of the 
necessity of replenishing the liquid air which boiled away rapidly. It was used 
in order to avoid the possible evolution of gas by the heating of the walls 
during the flashing of the disks. Approximately 0.2 mm of gas was thus re- 
covered. The tube was immersed in water and the filament run at a bright 
yellow for 3/4 of an hour. There was no clean-up of the gas and no blackening 
of the walls of the tube as there would have been had the gas contained an 
appreciable quantity of oxygen or of water vapor. The spectrum of the gas 
was examined with a small hand spectroscope when it was excited by passing 
a spark between the electrodes. It gave the spectrum of nitrogen but the Ha 
line was not present as it would have been had the gas contained a small 
amount of hydrogen or water vapor. It is thus seen that the amount of gas 
recovered was much greater than could be accounted for as an impurity in the 
supposedly pure nitrogen, it gave the spectrum of nitrogen, and did not be- 
have as either oxygen or hydrogen would. The tungsten had adsorbed a 
quantity of nitrogen of the order of magnitude of the amount necessary to 
cover it with a single layer of atoms. 

Further experiments of this sort showed that the layer was not put on 
the tungsten unless the nitrogen was activated by a hot spark or an arc 
and that the layer did not form as readily upon cold tungsten. Experiments 
with a similar bulb containing no tungsten showed that no gas could be re- 
covered by heating the bulb after sparking although a small clean-up had 
been observed. Other similar experiments were made with a different tube 
containing a coiled heavy tungsten wire instead of the disks which could 
be heated by passing a current through it. The area of tungsten in this tube 
was only 18 sq cm so that the amounts of gas recovered were smaller but the 
ratios of the amounts recovered to the area of tungsten were nearly the same 
as before. The two tubes were of nearly the same size which shows that it 
was the area of the tungsten and not that of the glass which was important. 
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There is, of course, no proof that the cooling effects discussed above result 
from the formation of a layer like the one here studied but they were most 
readily understood as resulting from the formation of a layer such as the 
one whose existence is here demonstrated. 

The original observation that the thermionic emission from a tungsten 
filament suffered a considerable temporary reduction as ordinary active 
nitrogen passed over it was repeated and the effect found when the nitrogen 
was more nearly free from oxygen than that originally used. A similar effect 
has been obtained with pure nitrogen activated by an arc discharge in the 
tube with the hot spiral anode described above (Fig. 6). As the voltage 
applied to the anode was raised the current increased in the normal way 
until a value in the neighborhood of the ionizing potential was reached. 
For voltages above that the current showed a tendency to fall off with 
time slowly, it being necessary to wait several minutes after raising the 
voltage before the current became steady. At about 26 volts an arc struck, 
the current showed an instantaneous increase and then quickly fell off to a 
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Fig. 8. Typical curve showing variation of thermionic current from a tungsten 
filament in pure nitrogen. 


value lower than that which it had had before the arc struck. Further in- 
creases in the voltage produced increases in the current in a normal way. 
Upon decreasing the voltage the current fell off until the arc broke at a volt- 
age lower than that at which it had struck. When the arc broke the current 
dropped instantaneously but then quickly rose to the value which it had 
had before at that voltage as the voltage was being raised. This current 
might be several times as large as it had been before the arc broke. For 
still lower voltages the same values of the current as at the beginning were 
obtained. Fig. 8 shows the actual currents in one particular typical experi- 
ment. If the pressure or the temperature of the filament was too high this 
effect was not observed. Several times it was possible to adjust conditions 
so that slow oscillations of a period of a second or so were obtained. The 
arc would strike, the current drop off until it would break again, the current 
then rise until it struck again, and so on. 
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The slow falling off of the current was accompanied by a slow cooling of 
the test filament present in the bulb, and the striking of the arc caused a very 
rapid cooling of the test filament, suggesting that both effects are evidences 
of the presence of the same active substance. The fall in the current would 
occur if a layer formed upon the surface of the hot filament increasing the 
work function for the surface. No cooling of the hot filament was observed 
so that the effect must be attributed to a change of the work function 
rather than to a diminution of the temperature. Langmuir’ found sucha 
diminution of the thermionic current but with much lower pressures of 
nitrogen and at higher voltages. 

It has been suggested that this effect might be the result of the formation 
of charged layers on the surface of the bulb. We believe that this is not the 
case because such charged places would be effectively shielded by the 
formation of space-charge sheaths. Further, it has been found that there 
is no such effect with pure argon at the same pressure in the apparatus 
and with similar currents. If the argon contained a slight amount of nit- 
rogen, however, indications of the beginning of such an effect were observed. 

The filament which was the source of the electrons in these experiments 
was heated to a high temperature such as was reached in flashing the test 
filament of the earlier experiments in order to drive off the layer. The layer 
which was responsible for the drop of the thermionic emission must have 
been, therefore, a temporary one present only in an atmosphere of the active 
substance. This was shown by the rapidity with which the current rose to 
its former value after the breaking of the arc. (Fig. 8.) It has been shown 
that in certain other cases* the work function of a filament was greatly 
changed when but a small fraction of the surface was covered with atoms 
of a different sort. The same condition may hold here, the effect being 
produced by a layer covering but little of the surface. 

Ordinary active nitrogen is probably a rather complicated mixture of 
various atoms and molecules,® so that from experiments with that alone it 
would be impossible even to guess what it was that produced the layer. 
The experiments with the gas activated by electron bombardment and those 
with the tube containing the disks show that the layer is one of nitrogen. 
The effective activated variety might be either atomic nitrogen or metas- 
table excited nitrogen molecules. The experiments do not give any definite 
evidence conclusively in favor of either one of these possibilities but the fact 
that the large production of the layer-forming agent occurred in the neigh- 
borhood of 20 volts is suggestive since the experiments with positive rays'® 
have indicated that atomic ions are produced at about 24 volts. These ions 
are produced by the breaking up of unstable molecular ions. It is not impos- 
sible that similar unstable excited molecules might be produced at lower 


71. Langmuir, Phys. Rev. 2, 450 (1913). 
§ K. H. Kingdon, Phys. Rev. 24, 510 (1924). 
® J. Kaplan and G. Cario, Nature, 121, 906 (1928). 
10H, D. Smyth, Proc. Roy. Soc. 104A, 121 (1923); T. R. Hogness and E. G. Lunn, Phys. 
Rev. 26, 786 (1925). 
























SURFACE LAYERS ON TUNGSTEN 811 





voltages although there is no evidence for this. The cooling effect un- 
doubtedly does begin close to the ionizing potential of nitrogen but may 
result from a further ionization of the relatively stable ordinary molecular 
ions. 

Although the layer is produced by ordinary active nitrogen and by the 
electronically activated nitrogen it does not necessarily follow that the two 
varieties are the same. Experiments were made with heavy arcs in stream- 
ing nitrogen in an attempt to produce ordinary glowing active nitrogen in 
this way. They were unsuccessful but it is not surprising since ordinary 
active nitrogen could not be made to pass through a tube containing such 
hot metal electrodes. A tube was next arranged with a commutator so that 
it could be run intermittently, the space between the electrodes being 
examined spectroscopically, after the current was cut off, by use of a sec- 
tored disk on the shaft of the commutator. It was hoped that it might be 
possible to detect the after-glow bands characteristic of active nitrogen 
before it had disappeared. No indications of them were found when the 
space was viewed 0.0005 sec. after the arc had been cut off. The D lines 
were found to persist, however, several hundredths of a second if the volt- 
age across the arc had been 21 volts or more but not for lower values. It 
was also noticed that the D lines could not be detected in the arc itself for 
voltages below 21. Some rearrangement of the arc took place and the current 
increased at that voltage. The sodium was apparently present in the oxide 
used in preparing the filament. These persistent D lines were found with 
mixtures of argon and nitrogen even when the amount of nitrogen was less 
than one percent but disappeared when the nitrogen was removed by 
circulating the gas through a tube containing a misch metal purifying arc. 
It was in the course of these experiments that the argon after-glow," dis- 
cussed elsewhere was noticed. Here again there is no direct proof of the pre- 
sence of any particular variety of active nitrogen but the persistence of the 
D lines is greater than one would expect if they had been excited by col- 
lision with metastable molecules. It seems probable that the activated 
nitrogen formed by the impact of electrons is atomic nitrogen although this 
has not been conclusively established. It will be difficult to do so because so 
few of the properities of that elusive substance are definitely known. 

In conclusion we wish to express our thanks to Professor K. T. Compton, 
Dr. K. K. Darrow, and Dr. Saul Dushman for helpful suggestions made by 
them in discussing this work with us. 
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QUANTUM-MECHANICALLY CORRECT FORM OF HAMIL- 
TONIAN FUNCTION FOR CONSERVATIVE SYSTEMS 


By Boris Popo.tsky* 


ABSTRACT 





Dirac showed that, if in the Hamiltonian H momenta 7», conjugate to the co- 
ordinates £, are replaced by (h/2i)d/dt,, the Schrédinger equation appropriate 
to the coordinate system £ is (H—E)y;:=0. Applied to coordinate systems other 
than cartesian this usually leads to incorrect results. The difficulty is here traced 
partially to the way in which y¢ is normalized and partly to the choice of H. In H 
expressions such as gpg"'p and p* are not equivalent, and the simplified form is 
generally incorrect. A formula satisfying all the requirements of quantum mechanics 
for a Hamiltonian of a conservative system, in an arbitrary coordinate system, is 
therefore developed 


1 a=n 


H=- 2 2 ope epg +0 


Bh rel s—l 


This formula is applied toacase of plane polar coordinates and leads tocorrect results. 


CHRODINGER,! and Eckart? have shown that the correct differential 
equation for the Schrédinger y function can be obtained if in the Hamil- 
tonian function H we replace momenta pz, p,, and p, by the differential 
operators (h/27i)0/dx, (h/27i)0/dy, and (h/27i)0/02 respectively and write 





(H—E)y=0, (1) 


where E is the total energy of the system. Later the method was extended 
by Epstein*® to non-conservative systems. Still later Diract has shown that, 
if y; be regarded as the transformation function for transforming matrices 
from a scheme in which a set of coordinates & (r=1, 2,---m, where n is 
the number of degrees of freedom) is represented by diagonal matrices to a 
scheme in which energy is a diagonal matrix, Eq. (1) will hold provided that 
in H we replace each momentum 7,, conjugate to &,, by the differential opera- 
tor (h/271)0/0&,. Dirac’s method of proof has an advantage in that it is 
valid even if & are not cartesian, but are any set of coordinates in which 
0/dé, has a meaning. 

However, the application of this method to any but the cartesian co- 
ordinates leads almost invariably to erroneous results. To illustrate the 
difficulties, let us consider the case of the hydrogen atom in space polar 
coordinates. 











* National Research Fellow. 
1 E, Schrédinger, Ann. d. Physik 79, 745 (1926). 

2 C. Eckart, Phys. Rev. 28, 711 (1926). 

3 P. S. Epstein, Proc. Nat. Acad. Sci. 12, 637 (1926). 
«P. A. M. Dirac, Proc. Roy. Soc. A113, 621 (1927). 


812 

























































FORM OF HAMILTONIAN FUNCTION 


If we write the Schrédinger equation in cartesian coordinates 


Sa2u 
h? 


Vp (x, 9,2) + 





(2+ =)v.te,y,2) =0 (2) 


and transform this to polar coordinates, we obtain 


1 a dy 2(r,0,o) 1 a/. dy.(r ,6 ,d) 
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(£+—)v.lr,0,6)=0 (3) 


We have used the symbol yw, to indicate that, while in (2) y is regarded as 
a function of x, y, z, and in (3) as a function of r, 0, ¢, it is the same function 
of position, so that 


¥.(x,,2) =y.(r,0,¢) ’ 


for the corresponding values of the coordinates. Eq. (3) is the equation used 
by Schrédinger in his treatment of the hydrogen atom. 
If, however, we start with the Hamiltonian function in polar coordin- 
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r? sin? @ 
and put p,=(h/27i)0/dr, pe= (h/27i)0/00, py = (h/2ni)0/0¢, Eq. (1) leads to 
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(+=) y.(r,0,0)=0, (5) 


which obviously differs from (3). 
2. Part of the difficulty is due to the difference in the ways in which yz 
and y, are normalized. For ~, we have 


[J J vevetaxayas- ff fever sin @drdédg =1 (6) 


while for y,, according to Dirac,’ 


fff ¥ v,*drdbdo = 1 (7) 


integration being extended over the whole space. The relation between 
y., and y, must therefore be 


¥2=(r? sin 6)-"/Y,. (8) 
’P. A. M. Dirac, Proc. Roy. Soc. A113, 629 (1927). 
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If we substitute y, from (8) into (3) we obtain a correct equation for 
¥,, which however is still inconsistent with (5). 

We are thus led to the conclusion that (4) is not a quantum-mechani- 
cally correct Hamiltonian function. It is easy to see that one can put (4) 
into many classically equivalent forms which will differ greatly quantum- 
mechanically. Thus, a term such as p,? may be written r—'p,rp,, r~'p,r*p,r“, 
rp,r~*p,r’, etc., which are not equivalent if p, does not commute with r. We 
shall now develop a method of obtaining the quantum-mechanically correct 
form of the Hamiltonian function in an arbitrary coordinate system. In the 
present paper we shall restrict ourselves to non-relativistic conservative 
systems. 

3. In a conservative system of N particles, if the kinetic energy of one, 
say kth, particle expressed as a function of coordinates gi, ger, * * * Yak and 
momenta pu, Po, -** Par, is written for short 7;.(q:, p.), the Hamiltonian 
for the entire system may be written 


k=N 


H= DoT uqe, Pe) +U(qur,ger, *** 5 Gn, Giz, °° * » Qnn)- (9) 


k=1 


The potential energy U is not a function of momenta and will therefore 
be identical with its classical form. Thus, extension to systems with more 
than one particle involves merely a simple summation. Therefore, for the 
sake of simplicity, we limit ourselves to the case of a single moving particle, 
extension to the general case being obvious from (9). 

4. The Schrédinger equation in cartesian coordinates of m dimensions, 
n being the number of degrees of freedom, is 

a Os OW: Sry 


+ epi + 
Ox;7 Ox? r er h? 


where y is supposed normalized so that 


f i -.  f vevtdndzs ++ dx,=1 (11) 


An arbitrary coordinate system ™, ue, --- u%, may be characterized by 
the coefficients, g,, say, in the expression for the square of an element of 
length in terms of the u’s, thus 


ds? = g1,duy?+ 2g 12dujdu2+ pte + g20du2*+ 2g03duedus+ 4° + £nndu,? 














(E—U,)¥.=0 (10) 


rn s=n 


= >) Dy Srablurdtte, Sre= Ler (12) 


r=1 s=1 





As is usual, we will denote by g the determinant 
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FORM OF HAMILTONIAN FUNCTION 


We shall also need the notation 


g”*=(minor of g,, in g)/g (14) 


We now wish to transform Eqs. (10) and (11) to the coordinate system u. 
In doing this, we regard ¥.W.*, on account of its physical significance, as 
invariant function of position. Thus, in the expression for ¥. we imagine 
%1, X2,* ++ replaced by their values in terms of w’s, so that 


¥2(%1,%2, 1 Te Xn) =W (U1, Ue, re Un). 


We retain the subscript x to distinguish this function of position from 
Yu which would be obtained by the use of (1) in the coordinate system u 
directly. 

The formulae of transformation for expressions such as (10) and (11) 
are known.® We obtain 











r=n s=n 0 Oy. 8x? % 
bo ym g 3 (even ¥ )+ nd “(E— U.)v2=0 (10’) 
noe ee OU; Ou, h? 


and 


ff +. +f veveteMdusdun »++ du,=1. (11’) 


The corresponding normalizing equation for y, is*® 


ff - +f vadatdusdus » ++ du,=1 (15) 


so that combining (11’) and (15) we obtain 


f f. . + [vad etgtdudus -++dt,= f f. : +f vatatdusdus +++ dt, (16) 


Consideration of the way in which matrices are constructed, by the use 
of y, and y,, respectively, shows that Eq.(16) must hold even if the integrands 
are both multiplied by an arbitrary function of u’s. We must therefore have 


v=o Uy, (17) 
Substituting y. from (17) into (10’) and multiplying the resulting equa- 
tion by —h®g'/*/8x2u we obtain 


fn sn h fa) h a 
bd } dog — a ieee =.) + Vata Bhe=0 (18) 


an eal ont 2ri Ou, 2ni Ou, 


This is in the form (1) and is therefore the desired differential equation 
fory.. Replacing the differential operators (h/21i)0/du by the corresponding 





*F, D. Murnaghan, Vector Analysis and the Theory of Relativity, 46-48. 
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momenta, we obtain the expression for H in the quantum-mechanically 
correct form 






1 rn s=n 


_ + % y go 4p, gll2grep g-1/4 4 UV (19) 
BM rel s=1 







In the classical case, when the order of factors is immaterial, this reduces 
to the usual form 







1 rn s=n 
—S + ener (20) 
2u rel s=1 


















5. Let us apply these results to plane polar coordinates. Here u,=r, 
u2=0, gu=1, goo=r*, gi2=g2=0, m=2; therefore g=r?, gt=1, g?=1/7r’, 
g’@=g"*=0. Using Eq. (19) 


1 
ao-— r—"!2( pur pyr! + por: r-* por—!!?) + U (21) 
m7 
This can be considerably simplified. Operating on 

1/h 
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rob foresee c 
P| OO Tes ; 


which is just the Hamiltonian used by Dirac’ in agreement with Pauli,* but 
it is here obtained without any special assumptions. 
UNIVERSITY OF CALIFORNIA, 


BERKELEY, CALIFORNIA, 
July 20, 1928. 


7™P. A. M. Dirac, Proc. Roy. Soc. A110, 561 (1926). 
® W. Pauli, Zeits. f. Physik 36, 336 (1926). 
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THE ABSENCE OF EFFECT OF AN ELECTRIC FIELD ON THE 
MAGNETIC SUSCEPTIBILITIES OF HCt AND NO 


By L. M. Mortt-SmitH 


ABSTRACT 


An experiment has been performed to test whether the magnetic susceptibilities 
of the polar gases, nitric oxide and hydrogen chloride, change on application of an 
electric field of about 8000 volts per cm. The susceptibility was investigated both 
parallel and perpendicular to the electric field, and its value was found to remain 
unchanged in every case. The following percent change in the volume susceptibility 
would have been detected: for NO, along the field, 0.18%, perpendicular to it, 
0.48%; for HCl, parallel to the field, 9.7%, and perpendicular to it, 22%. When 
measuring the susceptibility of NO along the electric field a change in its value can 
only be expected to be due to the magneto-electric directive effect. An elementary 
classical theory indicates that in this experiment a 13% change in susceptibility is 
expected. The experiment is a repetition in the inverse manner of that of Huber on 
this effect, and confirms his negative result. The measurement of the susceptibility 
of NO perpendicular to the electric field is a confirmation for the case of the sus- 
ceptibility of the theoretical prediction that the paramagnetic susceptibility and 
the dielectric constant of a polar molecule should be independent of an additional 
applied field which changes the axis of spatial quantization. With the diamagnetic 
HCl, it was supposed that a slight change in the susceptibility might be produced 
by the electric forces, but no theory has been attempted. - 


I. INTRODUCTION 


N THIS paper will be reported an experimental study of the effect of a 
strong electric field on the magnetic susceptibility of the two typical 
polar gases hydrogen chloride and nitric oxide. A change in susceptibility 
has been looked for both along the electric field and perpendicular to it. 
In the experiments with the paramagnetic gas, NO, and when looking 
for a change in magnetic polarization along the electric field, an expected 
change can only be due to the magneto-electric directive effect. The align- 
ment by a magnetic field of molecules having both an electric and a magnetic 
moment not“mutually perpendicular should produce an electric polarization 
along the field. Evidently the inverse effect should also take place. The 
experiments looking for an electric polarization have been carried out by 
Huber! and the theory discussed by Debye and Huber.? It was thought 
interesting to repeat this experiment since Huber’s unexpected negative 
result leads to the interesting consequence suggested by de Haas that there 
must exist two kinds of molecules having mutually opposite directions of 
magnetic moment relative to the electric dipole axis. An elementary classical 
theory for this case will be given, which indicates that in this experiment 
a large effect is expected. 


1A. Huber, Phys. Zeits. 27, 619 (1926). 
*Debye and Huber, Physica 5, 377 (1925); see also abstract, Phys. Berichte, 7, 1044 
(1926), A. Huber, Phys. Zeits. 27, 619 (1926). 
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When the susceptibility is measured perpendicular to the electric field 
the experiment with NO is a test of the theoretical result obtained by Van 
Vleck, Kronig, and Pauling* by the matrix theory that the paramagnetic 
susceptibility and the dielectric constant of polar molecules should not 
depend on an applied field which changes the direction of spatial quantiza- 
tion. These writers consider only the effect of a magnetic field on the di- 
electric constant but the inverse must also be true since the same theory 
applies in both cases. This result has already been experimentally confirmed 
for the dielectric constants by the experiments of Weatherby and Wolf* 
and those of C. R. Daily and the author,’ where a change in dielectric constant 
on application of a magnetic field was looked for. 

The experiments with the diamagnetic HCI were considered interesting 
because it was considered that in the case of a molecule a slight change in the 
induced diamagnetic polarization might be produced by the electric forces. 


II. EXPERIMENTAL METHOD AND APPARATUS 


1. Method. The change in susceptibility produced by the application of 
the electric field is measured. This change is determined by measuring the 
change in force on a chamber containing the gas placed in a non-homogeneous 


. 






































Fig. 1. Diagram of apparatus. 


magnetic field. For measuring the force, the chamber is attached to the arm 
of a torsion balance arrangement which enables the measurement of the 
horizontal force by determining the angular displacement. The electric 
field is applied between one side of the metal chamber and an interior elec- 


3 J. H. Van Vleck, Nature 118, 226 (1926); Phys. Rev. 29, 727 (1927); ibid. 30, 31 (1927) 
R. de. L. Kronig, Proc. Nat. Acad. 12, 488 (1926); L. Pauling, Phys. Rev. 28, 976 (1926). 
‘B. B. Weatherby and A. Wolf, Phys. Rev. 27, 769 (1926). 
'L. M. Mott-Smith and C. R. Daily, Phys. Rev. 28, 976 (1926). 
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trode, the source of potential making contact with this electrode by way of 
the torsion fiber. 

2. Apparatus. The details of construction are shown in Fig. 1. The 
chamber and torsion arm A are constructed of 0.002 inch (0.0051 cm) thick 
pure gold foil in the shape and of dimensions shown. The joints are crimped 
together and sealed with paraffin wax, which was found sufficiently resistant 
to the chemical action of the gases. The various parts of the box were 
fastened together with soft solder at a few spots for good electrical contact. 
T-he apparatus is suspended from the phosphor bronze strip B and is grounded 
by the lower spiral suspension C. The entire apparatus is enclosed in a heavy 
brass box D which carries the torsion head and is provided with levelling 
screws. The interior charged electrode E is supported on a paraffin block 
and is connected to the torsion fiber by a lead which passes down the tubular 
torsion arm and out through a quartz bushing. It is seen that the electrode 
and lead are completely enclosed by the grounded chamber and consequently 
no electrostatic forces are expected. The electrostatic effect was further 
much reduced by a disk which screens the field of the fiber from the un- 
symmetrical torsion arm. The final adjustment for no electrostatic effect 
was made by slightly changing the position of the apparatus relative to the 
outer box by adjusting the levelling screws. 

The angular displacement of the torsion arm was read with a telescope 
and scale. The distance from mirror to scale was one meter and the deflec- 
tions could be read to 0.1 mm. 

The gases were generated, purified, and dried by standard methods. Care 
was taken to have nothing in the generating apparatus and gas-chamber 
with which the gases could react because it was found that contamination 
of the gas usually resulted in a very undesirable electrical leakage of the 
insulation. Since NO reacts with rubber and ordinary waxes the entire 
apparatus was put together without rubber tubing and using only paraffin 
wax where waxing was necessary. It was found that a satisfactory inert 
stopcock grease can be made by mixing soft paraffin with heavy pure paraffin 
oil (Nujol). 

The gases are introduced into the chamber by means of a swinging glass 
arm G which connects with the stopcock H on the far end of the torsion arm 
by means of a small ground ball joint. A small hole in a lower corner of the 
gas-chamber allows it to be flushed out with the gas. This hole is closed by 
simply covering with paraffin. 

The magnetic field was produced by an electromagnet having flat pole 
faces 5.7 cm in diameter placed so that one end of the gas-chamber was in 
the region of strong field between the poles and the other in the weaker field 
outside. In the experiments with the magnetic field parallel to the electric 
the poles are situated approximately as shown in solid lines in Fig. 1; for the 
parallel case the magnet was rotated through 90° about a horizontal axis 
to the position shown in dotted lines. This magnetic field of course produced 
a large force on the chamber due to the chamber’s own susceptibility and 
that of the contained gas. It was necessary to eliminate this force as far as 
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possible and this was done by adding to the gas-chamber bits of material of 
suitable susceptibility. For this purpose a convenient substance was found 
to be a mixture of a small quantity of nickel dust with soft wax, since the 
chamber itself was strongly diamagnetic on account of the comparatively 
large amount of paraffin wax present. 


III. EXPERIMENTAL PROCEDURE AND RESULTS 


1. Procedure. The procedure for making a measurement will now be 
clear. The gas is allowed to pass through the chamber for a few minutes, 
then the stopcock is closed, the hole sealed up, and the supply tube swung 
away. 

It is next necessary to adjust the susceptibility of the chamber to nearly 
zero, and this is done by adding or removing bits of the special wax. However, 
since the susceptibility of the nickel filings depends on the field strength a 
convenient way to make the final adjustment is slightly to alter the strength 
of the magnetic field. In this way the zero of the torsion balance is brought 
near to its zero in absence of the magnetic field. 

In order to guard against a possible additional restoring torque due to 
the magnetic forces, an effect which might seriously reduce the sensitivity, 
a method for testing the amount of this restoring torque was used. This 
method consisted in rotating the upper end of the suspension through a 
known small angle while the magnetic field is on and noting the angular 
displacement of the torsion arm. By comparing the deflection obtained with 
that found in absence of field, the amount of restoring torque due to the 
magnetic field can be determined. It was found that this restoring torque 
sometimes increased and sometimes reduced the sensitivity, but in all the 
measurements it was made nearly zero by proper disposition of the balancing 
wax. 

The deflection due to the electrostatic field alone must next be reduced 
as much as possible. The disturbance caused by the introduction of the gas 
usually necessitated a readjustment of the level of the case. The electro- 
static deflections were usually reduced to less than 0.1 mm. They were 
carefully determined by averaging with field on and with it off, several 
end-points of the small amplitude vibrations which the balance was usually 
describing. Asa check, this determination was repeated after a measure- 
ment had been made with the magnetic field on. 

The measurement of the effect consisted in taking readings of the position 
of the torsion arm at half minute intervals and switching the electric field on 
and off at two or three minute intervals. This procedure was necessary in 
order to be able to average out a steady creep which was always present. 
This motion was caused, no doubt, partly by the warming up of the electro- 
magnet and partly by the decrease in the e.m.f. of the storage batteries 
supplying the current. The field was alternately put on in one direction and 
then reversed in order to eliminate a possible spurious effect which will be 
explained below. 

2. Spurious effects. The most serious possibility for a spurious effect is a 
deflection produced by the magnetic force on the leakage current through 
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the gas and across the insulation. This effect is expected to be larger when the 
magnetic fields are perpendicular than when they are parallel because the 
probable direction of the force is such as to be more effective in producing a 
torque on the suspended system. For the perpendicular case this torque can 
be calculated, assuming the leakage current to be in the direction of the 
electric field between the electrode and the chamber wall, and using the 
average value of the magnetic field (1400 gauss). It is found that a current 
of 3.9 microamperes will produce the smallest readable deflection of 0.1 mm. 
During all the measurements the leakage current was read on a micro- 
ammeter and was always less than 0.2 microamperes, and hence this effect 
is negligible. Furthermore it is possible in the perpendicular case to average 
out this effect by making measurements with the electric field reversed, 
because the leakage current force reverses but it is evident from symmetry 
that the effect of the field on the susceptibility must remain unchanged. 
In the parallel case this is not possible because the real effect also reverses, 
but here, since only a small component of the force can be effective in pro- 
ducing a rotation of the torsion arm, this effect must be entirely negligible. 

Another effect which might cause a spurious deflection is a reduction in 
the size of the gas-chamber due to the electrostatic attraction between the 
electrode and the side. By actual measurement with a microscope it was 
found that the change in size was not serious. ; 

3. Sensitivity calculation. The calculation of the deflection to be expected 
from a change in the susceptibility of the gas is easily made from the dimen- 
sions of the apparatus, the torsion constant of the fiber, and the strength 
of the magnetic field at the inner and outer ends of the chamber. The average 
value of the field at the two points was obtained by means of a fluxmeter and 
snatch coil and is given in the fourth and fifth columns of the table. The 
restoring torque of the fiber was found by attaching to it a body of known 
moment of inertia and obtaining the time of vibration. It was found to be 


TABLE I. Susceptibilities measured perpendicular and parallel to the electric field. 








Magnetic field Electric 
Averaged Probable strength field Vol. suscep- Detectible 
No. of deflection error (gauss) strength tibility % change 
trials (cm) (cm) H; H,; V/cm xxX10 





Susceptibility perpendicular to electric field 
.001 0.001 2240 620 8600 .030 0.85 
4 .013 .003 2200 610 8600 .0002 130. 
16 .007 .002 2100 580 8300 .061 0.48 
8 .002 .002 2300 630 7400 .0011* 22. 
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Susceptibility along electric field 
.001 .002 3400 1150 8000 , 

NO .004 .006 3560 1270 8000 .061 
HCl .001 .005 3450 1200 8300 .0011 








* Due to lack of experimental data, this value had to be estimated by interpolating 
between the values of the diamagnetic susceptibility of argon and Cl~, between which it should 
lie. See ‘“The Theoretical Prediction of the Physical Properties of Many Electron Atoms and, 
Ions. Mole Refraction, Diamagnetic Susceptibility, and Extension in Space,”’ L. Pauling 
Proc. Roy. Soc., A, 181, 114 (1927). 
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19.6 C.G.S. units. The formula AF =4aAx(H,?—H;?) was used, where AF 
is the change in force produced by a change in susceptibility Ax, where a is 
the area of section of the gas-chamber and H;, Hg, are the average values of 
the magnetic field at the inner and outer ends of the chamber. 

4. Results. Since the apparatus cannot be evacuated and there is some 
solid dielectric present which might cause an effect it was necessary to make 
determinations with gases in which no effect is expected. Air and hydrogen 
were used for this purpose. 

All the results are shown in Table I. In the third column is shown the 
average deflection after correcting for deflection due to the electric field alone 
and including all the determinations. It is seen that these deflections come 
out very small in every case. The next column shows the probable error 
computed by dividing the average deviation by the square root of the number 
of observations. Although this quantity cannot represent the true probable 
error on account of the small number of observations, it gives an idea of the 
magnitude of the deviations of the observed deflections from the mean value. 
It is seen that the error is in most cases larger than the average deflection. 
But since there probably are systematic errors which will give deflections 
as large as these, the results can in no case be interpreted as indicating a 
real effect. However, it is possible to say that these experiments show 
definitely that there is no effect which can produce a deflection of 0.02 cm. 
The percent change in susceptibility corresponding to this deflection is shown 
in the ninth column, the value of the susceptibility used appearing in the 
preceding column. 


IV. THEORY FOR MAGNETO-ELECTRIC DIRECTIVE EFFECT 


A simple calculation of the magnitude of the effect to be expected in this 
case can be made by slightly modifying Langevin’s simple theory of para- 
magnetism. Assume a molecule having parallel electric and magnetic dipoles 
of strength uw, and uw» respectively. It is not necessary to assume that yp, 
and wu», make an angle with each other, because it is easily seen that the result 
depends only on the component of yu, along um, so that the only effect of an 
angle between the moments is to reduce this component. Let N such mole- 
cules occupy unit volume and let there be present a magnetic field of strength 
H and a parallel electric field of strength E. On account of the additional 
couple due to the electric force the potential energy of a molecule which 
makes an angle @ with the direction of the fields will now be given by 

V=—(unlT+py.E)cos 6 
The + sign is introduced for also taking into account the case when the 
electric and magnetic moments are oppositely directed. Since the form of 
V remains unchanged, the usual development for calculating the average 
magnetic polarization can be used. Only the first order terms are needed, 
and we obtain for the polarization per unit volume, 


P=paN (Um tyeE)/3kT 


Since the experimental results have been given in terms of susceptibility 
(x), we introduce x = P/H and find 


. 
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X =U? N (1 tpeE/pmH)/3kT 
It is evident that the term +y.E/u,H is responsible for the change in 
susceptibility expected on application of the electric field. For NO, using 
the value, ue=2X10-'® and w,=1.7 X10-*° used by Huber, and the values 
of the fields used in this experiment, it is found that up.Z/u,H=0.13. Thus 
the susceptibility should be increased or reduced 13 percent by applying 
the electric field. It is seen from the table that no effect was found, though 
a change of 0.18 percent could have been detected. However, if half the 
molecules have relative values of their moments corresponding to the + sign 
and half to the — sign it is seen that no effect can be expected. Now the 
analysis® by means of quantum mechanics of the so-called phenomenon of 
“sigma-type doubling” in molecular spectra shows that the component of 
electronic angular momentum and hence magnetic moment parallel to the 
axis of figure continually oscillates in sign. This is due to a quantum reson- 
ance between the left and right-handed states, so that a given molecule is 
in a certain sense alternately left and right-handed, making the + and — 
values of the magnetic moment equally probable. Thus there should be 
on the average no correlation between the directions of electric and magnetic 
moment, in agreement with the negative result found in this experiment and 
in Huber’s. Before the mathematical study of sigma-type doubling, the best 
theoretical explanation of the null effect was probably to assume equal num- 
bers of two kinds of molecules, respectively left and right-handed,’ but the 
more recent theory® seems to show that even an individual molecule has on 


the average no discrimination between the left and right-handed rotations. 


V. CONCLUSION 


The experiment on the magneto-electric directive effect yields the result 
that no magnetic polarization of NO along an electric field of the magnitude 
expected by a Langevin theory is found. This result is in agreement with 
Huber’s experiment and strengthens the assumption that there is no prefer- 
ence between left- and right-handed molecules. 

The result that no change in susceptibility of NO perpendicular to the 
applied electric field was found agrees entirely with the quantum mechanics 
of these effects. 

This result can be considered as favoring the new quantum theory, for 
it seems probable that the old quantum theory would have predicted a change 
in susceptibility just as was found by Pauling® for the dielectric constant in 
the inverse experiment. 

I wish to acknowledge my indebtedness to Professors H. A. Wilson and 
Linus Pauling for many valuable suggestions. 

THE RIcE INSTITUTE, 


Houston, TEXAs, 
July 1, 1928. 


* R. de L. Kronig, Zeits. f. Physik 46, 814 (1928); E. Hill and J. H. Van Vleck, Phys. Rev. 
32, 267 (1928); also forthcoming papers by Kronig and by Van Vleck. 

7 Cf., for instance, J. H. Van Vleck, Phys. Rev. 30, 40 (1927), and references. 

* Linus Pauling, Phys. Rev. 27, 568 (1926). 
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HALL EFFECT AND MAGNETIC INDUCTION IN A 
BAR OF ELECTROLYTIC IRON 


By Emerson M. PuGu 


ABSTRACT 


The Hall effect was measured in a bar of electrolytic iron in contrast to the usual 
method of measuring it in thin sheets of the material. Direct measurements were 
taken at the same time of the magnetic induction B and of the Hall e.m.f. E. 

The E-vs.-B curve is a straight line up to B = 12,000 gauss where its slope starts to 
decrease. The curve of permeability-vs.-B has its maximum at this same value of B. 
Measurements taken at points on a “hysteresis loop” indicate that E is also propor- 
tional to B when the magnetizing force has been removed and only the residual B 
remains. The Hall coefficient for this bar is found to be only 20 percent lower than 
that found by A. W. Smith for electrolytic iron, if in its calculation the value of B 
is substituted for H in the usual formula. 


INTRODUCTION 


EASUREMENTS of the Hall effect in different materials have shown 
that if the current in the material is kept constant, the Hall e.m.f. 
varies linearly with the magnetic induction in non-magnetic substances. In 
magnetic substances, however, the ratio of the Hall e.m.f. to the magnetic 
induction is constant only for values of the induction below a certain point, 
which is sometimes called the “saturation point.” Above this point the ratio 


decreases. 

This breaking of the curve away from a straight line was thought to 
occur when the substance was magnetically saturated, but this had not been 
verified since no experiments had been performed in which the B-vs-H 
curve and the Hall effect were investigated in the same piece of material. 
The reason that this had not been done is obvious when we consider that 
the best shape of material for measuring the Hall e.m.f. is a very thin sheet 
in which it would be quite difficult to investigate the magnetization curve. 

The fact that many experimenters! have found large variations in the 
Hall coefficient for extremely thin sheets, and that W. van B. Roberts? 
found a Hall coefficient in his cylinder of bismuth which was only 1/3 of 
the value generally found for bismuth suggested there might be a much dif- 
ferent value for the coefficient in a bar from that usually found for iron in 
thin sheets. The measurement of the Hall coefficient for a bar of iron was 
accordingly undertaken. The dimensions of this bar were 2.005 cm by 
1.050 cm by 11 cm. It was forged out of electrolytic iron to which 0.2 
percent of manganese was added to make it forgeable. The bar was then 
carefully machined and filed to the dimensions given. The iron was prepared 
and forged by the Westinghouse Research Laboratories. Although this 
particular sample was not analysed, another sample prepared in the same 


1 J. C. Steinberg, Phys. Rev. 21, 22 (1923). 
? W. van B. Roberts, Phys. Rev. 24, 532 (1924). 
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way, except that no manganese was added, contained less than 0.06 percent 
of all impurities. 


METHOD OF MEASUREMENT 


(a) Magnetization curve. Since a bar of iron was used, the usual method 
of determining the B-vs-H curve could be employed. The bar was placed in 
a magnetic circuit with a search coil wrapped around it near the center. 
The search coil was connected in series with a ballistic galvanometer and the 
secondary of a standardizing air-core solenoid. This made the determination 
of the absolute values of magnetic induction quite simple. Readings on 
the bar were made by reversing a given magnetizing current after the bar 
had been first completely demagnetized. No attempt was made to obtain 
the absolute value of the magnetic field strength H, and so a quantity pro- 
portional to the permeability was calculated by dividing the magnetic in- 
duction by the magnetizing current. However, since the balance of the 
magnetic circuit consisted of nearly pure soft iron of much larger cross- 
section than the bar under test, the true field H in the bar could be considered 
proportional to the magnetizing current without appreciable error. 

(b) Current density. Measuring the Hall e.m.f. presented more difficulties. 
It was necessary to produce current densities comparable to those used by 
other investigators in their thin sheets 
and to have them perpendicular to 
the magnetic induction. Reference to 
Fig. 1 will show how this was accom- E 
plished. A current of 50 to 100 am- a 
peres from a storage battery was 
passed through the bar by means of 
the electrodes M, M’, E, E’. By in- f 
creasing the current through the out- . | 









































side electrodes, E, E’, it was possible 
to make the lines 1-2-3 and 4-5-6 equi- 
potentials, and thus insure sensibly 
uniform parallel lines of flow between 
the middle electrodes M, M’. To test for these equipotentials, one terminal 
of a galvanometer was connected to a fixed position on the iron bar and the 
other terminal was touched successively to the points 1, 2, 3, 4, 5, 6. The 
lengths of the leads to electrodes E, E’ were adjusted until the readings 
taken at points 1, 2, 3 were equal to each other, as were also those taken at 
4,5, 6. After the final adjustment, the variation in either group of readings 
was less than 1 percent of the difference in readings between points 2 and 5. 
Therefore, neither of the lines 1-2-3 and 4-5-6 varied from equipotential lines 
by more than 1 percent of the potential difference between them, and the 
error in the current density at point O between M and M’, calculated by 
assuming the current to flow in parallel lines between M and M’, was no 
greater than 2 percent. Correction was made, of course, for the width of the 
slots between M and E. 








Fig. 1. Electrodes soldered in place to pro- 
duce high uniform current density in iron bar. 
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(c) Hall e.m.f. The Hall e.m.f. was measured by means of a Wolff 
Thermokraftfrei Potentiometer and a Leeds and Northrup High Sensitivity 
galvanometer. The combination was capable of reading to 10-* volts. Con- 
nections to the iron bar were made by means of two electrolytic iron contact 
screws which were pressed against opposite sides of the bar at point O. To 
test the accuracy of the current density adjustment described in (b) some 
readings were also made at points p and g. Since the Hall e.m.f. readings 
taken at these points fall on the same curve as those taken at O, the current 
was assumed to be uniform in this space. 

The current between the electrodes and the magnetizing current were 
both allowed to become steady before readings were taken. Then the potential 
difference between the contact screws was measured. The magnetizing cur- 
rent was then reversed and the potential difference was measured again. The 
difference between these two potentiometer readings was twice the Hall 
e.m.f. No corrections were necessary for JR drops or thermoelectromotive 
forces since these would not change with the reversal of the magnetization. 
This process was repeated many times, and at each reversal of the magnetizing 
current, the throw of the ballistic galuanometer was read, so, the Hall e.m.f. and 
the magnetic induction were both measured at the same time. See Table I. 


TABLE I. Sample data giving Hall e.m.f. and magnetic induction. 


Magnetic induction = (59 .56—47.07) 789 =9850 gauss 
Hall e.m.f. = 287 .6/2 = 143.8 volts X 10® 








Ballistic 
galvanometer Potentiometer Differences 
readings (cm) readings (volts X 10°) (volts X 10) 


47.1 974 
59.6 1262 288 
47.0 974 287 
59.7 1260 286 
47.05 974 289 
59.5 287 
47.1 983 285 
59.6 287 
283 
59.5 286 
290 
59.5 292 
286 
59.5 286 
, 290 
59.6 291 
288 
288 


19 
Ave. 59.56 47.07 287 .6 
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(d) Corrections. All values plotted on the curve in Fig. 2 have been 
corrected to a current density of 24.7 amps. per cm? and to a temperature 
of 26°C. For the temperature correction, a coefficient of 1.36 percent per 
°C, given by A. W. Smith? was used. This coefficient may not be very ac- 


* A. W. Smith, Phys. Rev. 30, 1 (1910). 
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curate for the iron used, but the important points were all taken so close to 
26°C that the correction was negligible. 
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Fig. 2. Curves showing Hall e.m.f. and permeability in bar of electrolytic iron. 


RESULTS 


(a) Hall e.m.f. and permeability. It will be seen from the curves in Fig. 2 
that the Hall e.m.f. increased linearly with the magnetic induction up to app- 
roximately 12,000 gauss. It will also be noticed that the permeability curve 


reaches its maximum at approximately the same point, namely 12,000 
gauss. Therefore, the condition of the iron which causes the break from 
linear relation in the Hall effect is apparently the same as that which causes 
maximum permeability. 

(b) Hall coefficient. The Hall coefficient R for this bar at 26°C was 
calculated from the formula‘ E=RBib using the slope of the straight line 
part of the curve in Fig. 2 for the ratio E/B. Its value was 0.0055 c.g.s. 
electro-magnetic units, and the error is less than 3 percent. A. W. Smith*® 
found a value of 0.0066 c.g.s. e.m.u. for a sheet of electrolytic iron which he 
measured in 1910. Since the value of the coefficient has been shown to be 
greatly influenced by the size of the crystals in the material and by slight 
impurities, the difference between these two values is not surprising. If, 
however, the value of H had been used in the calculation instead of B, the 
coefficient would not be constant, and its value would be increased several 
thousand fold. This would place its value above that for bismuth. 


‘ It should be noticed (Fig. 2) that the Hall e.m.f. is plotted against magnetic induction B 
rather than field strength H. In all previous experiments on the Hall effect the field strength 
was measured in the space outside the thin sheet of material, which obviously gave the in- 
duction inside the sheet. Most investigators have recognized this fact, but it is the belief of 
the author that the use of H in the generally accepted formula E = RHI/t has been misleading 
to many and should be replaced by B. The author believes that the formula should be written 
E=RBib since the effect depends primarily upon the current density i rather than the total 
current J. Here i=J/bt, where 6b is the width of the strip in the direction in which the Hall 
e.m.f. is measured. 
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(c) Hysteresis loop. A set of measurements was made when the iron was 
taken through a number of complete hysteresis loops by closing the mag- 
netizing circuit first in one direction, then opening it, then closing it in the 
opposite direction, and then opening it again. Each time the magnetizing 
current was made or broken, the throw of the ballistic galvanometer was 
read and a potentiometer reading was taken. From these readings, four 
points on the hysteresis loop were plotted, and the corresponding values 
of Hall e.m.f. were plotted upon the same sheet. The resulting curve for the 
Hall e.m.f. was another hysteresis loop which was proportional to the first, 
within the limits of observational error. The accuracy of these readings was 
little better than 10 percent on account of the difficulty in keeping condi- 
tions constant during the time required for completing each loop, but the 
results show quite definitely that there is a Hall effect due to the residual 
magnetization of the iron. 


CONCLUSIONS 


In the present work a method has been devised to measure both the 
Hall e.m.f. and the magnetic induction in the same piece of material at the 
same time. It is shown (Fig. 2) that in the specimen of electrolytic iron used 
the maximum on the permeability curve and the break from the straight 
line on the Halle.m.f. curve occur at the same value of magnetic induction. 
It is also shown that a Hall e.m.f. occurs due to residual magnetism which is 
approximately the same as that due to a corresponding induction on the 
normal magnetization curve. The Hall coefficient was found to agree within 
20 percent of that given by A. W. Smith’ in 1910 for electrolytic iron. This 
discrepancy might easily be accounted for by differences in purity or in 
treatment of the two samples of iron. 

The following conclusions can then be drawn for this specimen of elec- 
trolytic iron: 

(a) The linear relation between the Hall e.m.f. and the magnetic induc- 
tion breaks down where the permeability reaches its maximum value. 

(b) A Hall e.m.f. is produced by the residual magnetism which is ap- 
proximately the same as that produced by a corresponding value of magnetic 
induction on the normal magnetization curve. 

(c) The Hall coefficient is of the same order of magnitude in the bar as 
in the thin sheets providing the value of B be used in the calculation instead 
of the value of H. 

The author wishes to thank Dr. J. J. Weigle and Professor A. G. Worthing 
for their valuable suggestions and criticisms. He also wishes to acknowledge 
his indebtedness to the members of the Physics Department of Carnegie 
Institute of Technology and to the Westinghouse Research Laboratories for 
furnishing the iron bar. 
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THE TEMPERATURE COEFFICIENT OF 
QUARTZ CRYSTAL OSCILLATORS 


By RoceEr S. Strout 


ABSTRACT 


The change of frequency with temperature of a quartz crystal plate 1.8 x 1.8 x0.11 
cm, vibrating in a direction normal to its faces with a frequency of 2700 KC, was 
determined at various temperatures. A second oscillating plate was used as a fixed 
frequency, while the heterodyne note was heard with a receiving set. This second 
plate was maintained at, or near, room temperature, and was reground to an ap- 
propriate frequency for each determination. The temperature coefficient of frequency 
was found to decrease linearly from 22.7 parts per million per degree at 65°C to 1.6 
parts per million per degree at —189°C. 


INCE quartz crystal plates were first used as resonators and oscillators 

it has been recognized that they have a negative temperature coefficient 
of frequency. Cady! states that, “Quartz plates vibrating under the longi- 
tudinal effect in a direction normal to their faces usually have a coefficient 
of about twenty parts per million.” Powers,? using the transverse effect in 
a resonator of 91KC determined its coefficient using a temperature range 
of 20 to 110°C. In neither case was any attempt made to show that the co- 
efficient did not change with temperature. The following work was under- 
taken to test its constancy. 

Of the three possible modes of oscillation, that in a direction normal 
to the faces of the plate was chosen for two reasons. First, by its use the 
highest frequencies are attainable, thus giving a large difference of frequency 
for a given temperature change. Second, this mode of oscillation is in con- 
siderable use commercially and the results would be of greater practical 
value. 

A slab was sawed from a quartz crystal in the well known Curie 3 or 
“zero angle” cut,’ and from it two plates 1.8x1.8X0.11 cm were cut and 
ground. These plates were mounted in waterproof holders in a horizontal 
position with light upper electrodes resting upon them. This type of holder 
was selected as being the least affected by temperature changes. The 
mounted plates were then connected to conventional oscillator circuits in 
the grid to filament position, with a grid leak to provide the proper grid 
potential. The two independent oscillators were placed about a meter 
apart and about equally distant from a regenerative receiving set of ap- 
propriate range. 

Of the two plates, the one giving the highest frequency was selected as 
the test plate. This plate (A) in its container, was immersed in a Thermos- 
bottle water-bath at the highest temperature at which tests were to be made 


1 W. G. Cady, Jour. Opt. Soc. Am. 10, 475 (1925). 
2 W. F. Powers, Phys. Rev. 23, 783 (1924). 
3 A. Crossley, Proc. I. R. E. 15, 9 (1927). 
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and the circuit adjusted for best operation. The second plate (B) was oper- 
ated in the same manner, but in a water-bath at room temperature. The 
difference in frequency of the two oscillators could then be heard as a loud 
heterodyne note in the phones of the receiving set. Then by repeated 
trials plate B was reground until its frequency, at room temperature, dif- 
fered by less than 200 cycles from that of the test plate 4 when A was 
operating at the temperature at which the determination was to be made. 
The temperature of plate B was then altered by means of its water-bath, 
until the heterodyne note reached the lower limit of audibility. Then with 
the receiver oscillating at a frequency not greatly different from that of 
the quartz plates, two heterodyne notes were heard in the phones, differing 
slightly in frequency. The temperature of water-bath B was then further 
changed until these two heterodyne notes were brought to zero beat. Any 
change in the tuning of the receiver altered both heterodyne notes the same 
amount and did not alter their difference. Zero-beat adjustment having 
been secured, the receiver was rendered non-oscillating and the temperature 
of bath A increased. A single note, whose frequency increased with the 
temperature change, was then heard in the phones. The temperature was 
increased until the note came to zero-beat with a 192-cycle tuning fork, the 
temperature change being noted on a Beckmann thermometer. The water- 
bath A was then cooled until zero-beat between the quartz plates them- 
selves was again secured, the temperature change being again noted. At 
least five such readings were taken and the average change of frequency per 
degree change of temperature was recorded as the rate for the middle of the 
temperature range. The test plate A was then cooled to the temperature 
at which it was desired to make the next determination and plate B was 
again reground to operate at room temperature and give zero-beat with A 
as before. The process was then repeated and another value recorded. 

The zero-beat adjustment of frequency is not permanent, because of 
unavoidable slight changes in the circuit constants, particularly in the three- 
electrode tubes. This causes a slight wandering of the output frequency. 
After the tubes were warm the increase in frequency of one oscillator over 
the other due to this wandering seldom exceeded one cycle in two seconds, 
although the plates were oscillating at approximatly 2700KC. Since the 
frequency of the two circuits wandered independently and in either direction, 
an average of several readings tended to reduce this error. Any radical 
change of frequency was manifested by a failure to obtain zero-beat at ap- 
proximately the same temperature after each pair of readings. The opera- 
tion of plate B at approximately room temperature made this check possible, 
as its temperature would not vary over one-hundredth of a degree in the time 
required to take a pair of readings. No tendency of the crystal-controlled 
oscillators to pull into synchronism, as zero-beat was approached, could be 
detected, even when the inductances were placed only one foot apart. The 
above method was used at 65°C and 23°C and, with the substitution of an 
alcohol bath, at— 27°C. 
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For the lower temperatures the change from melting methyl alcohol to 
melting carbon disulphide and from liquid oxygen to fresh liquid air gave 
convenient temperature ranges. For the latter range it was necessary to 
operate the quartz plate in an oxygen-free atmosphere, as otherwise the oxy- 
gen in the container condensed and caused the plate to stop oscillating. In 
each case plate B was ground to give zero-beat with plate A when A was 
in one refrigerant, and the subsequent change of frequency when the other 
refrigerant was substituted was determined by comparing the note in the 
phones with a calibrated oscillator or tone wheel. The probable percentage 
error of this method is much greater than that of the first method, and is 
increased with decreasing temperature, chiefly because of errors in the mea- 
surement of both absolute temperature and temperature changes. As the 
coefficient itself decreases rapidly with temperature this is not of great 
importance, since the actual error in cycles change per degree remains 
sensibly constant. 


TABLE I. Natural period of plate 2700KC 





























Cycles change Coefficient 
Temperature per degree (Parts per million) 
65°C 61.3+0.8 22.7 
23 52.6+0. 19.5 
—27 40.3+1.5 14.9 
—105 23.4+2.0 8.7 
—189 4.3+0.5 1.6 
Plotting the coefficient 7 
against temperature the re- # 
sults fall on a straight line * 
within the limit of accuracy of -? J ZZ 
the experiment. Several tests = wd 
; E 
on plate B gave in each case ¢ 


. 


slightly larger coefficients, but 
indicated a line on the graph 
parallel to the line for plate 
A. The small difference in co- 
efficient could be accounted 


for by differences in surface- 


figure of the two plates, since Fig. 1. Temperature coefficient of frequency of quartz 
ngs P oscillator, natural frequency 2700 KC. 
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they were not made optically 
plane-parallel. It was found possible to alter the temperature coefficient by 
as much as ten percent by inaccurate surface grinding, without apparently 
affecting the stability of oscillation. 


RYERSON PHysICAL LABORATORY, 
UNIVERSITY OF CHICAGO, 
December, 1927.* 


* Received August 21, 1928. Ed. 
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VISIBLE RADIATION CHARACTERISTICS OF 
INCANDESCENT OXIDES 


By MARCELLA LINDEMAN PHILLIPS 


ABSTRACT 


Energy radiated in the visible part of the spectrum of various oxides and their 
mixtures when heated to red brightness temperatures between 1400° and 2000°K 
by means of cathode-ray bombardment, and gas-air and oxy-gas flames was measured 
by an optical pyrometric method. The oxides investigated were urania, ceria, 
lanthana, neodymia, erbia, yttria, zirconia, thoria, alumina, beryllia, magnesia, and 
mixtures of thoria with one percent ceria (the Welsbach mantle mixture), one percent 
and less of urania, one percent neodymia, and one percent manganese oxide. These 
were either pressed or fused to insure good surface conditions. In general, linear re- 
lations were found between the logarithm of the red-blue intensity ratio and the 
reciprocal of the brightness temperature, and between the logarithm of the candles 
emitted per unit surface area and the logarithm of the brightness temperature. 
Different modes of heating gave different radiation curves for the same oxide. Tables 
are given of the candles per square centimeter and the relative blue brightness for red 
brightness temperatures of 1400, 1500, 1600, 1700, 1800, 1900, and 2000°K. 


NVESTIGATION of the visible radiation of certain oxides, with reference 

to their possible use as illuminants, has extended over a period of more 
than a century, but few quantitative results have been published, the most 
extensive researches being those due to Nichols and Howes,! and to Ives, 
Kingsbury and Karrer.? The former investigation, a part of which is con- 
cerned only with low temperatures of incandescence consists of a comparison 
of the radiation of the oxide under test with that of uranium oxide, both 
oxides being heated in adjacent parts of a flame, assuming the uranium oxide 
to radiate like a “black body” and to be at the same temperature as the oxide 
under test. It is shown below that this assumption is very doubtful. The 
latter research was upon oxides made up into gas-mantle form, the results 
given being thus characteristic not only of the oxides, but also of the degree 
of roughness of the mantle surfaces. 

The work presented in this paper is an investigation of the visible radiation 
characteristics of various oxides and oxide mixtures when heated by cathode- 
ray bombardment, gas-air and oxy-gas flames, to brightness temperatures 
(A =0.665u) from about 1400 to 2000°K. 

An optical pyrometric method of observation was used, measurements 
of the brightness of the oxide under test being made with a disappearing- 
filament type of pyrometer, equipped successively with red (effective 
\=0.665u) and blue (effective \=0.467u) screens, from which the red 
brightness temperature and the ratio of red to blue intensity ratio were 
determined, and with a combination of red and green screens having an 


1 Nichols and Howe, Phys. Rev. 19, 300 (1922). 
2 Ives, Kingsbury and Karrer, Journ. Franklin Inst. 186, 401 (1918). 
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effective wave-length approximately equal to the Crova wave-length, from 
which the candles emitted per square centimeter of surface were determined. 

The pyrometer used was calibrated by comparison with a standard 
tungsten lamp previously matched with a “black body” furnace at the melt- 
ing points of gold and palladium in this laboratory. Matches were made, 
with the different screens, at these fixed points of the standard lamp, the 
calibration being extended to other temperatures by the use of rotating 
sectors of known transmission. A precision of about 0.1 percent in brightness 
temperature was obtainable for a single setting on a steady source of light 
such as a tungsten lamp. This precision is somewhat better than that claimed 
for the observations on oxides, since in the latter case, the light source was 
not always constant, and it was sometimes necessary to make hurried 
settings. An approximately average value of the precision here attained 
is 1.0 percent, although it is to be understood that the precision varied with 
the brightness of the source and the mode of heating. For oxy-gas heating 
it was better than the average value given, while for cathode-ray and gas-air 
heating, it was somewhat worse. Wide deviations from this average will be 
noted in the discussion of the results. 

Ordinary gas-air burners, equipped with valves regulating the gas 
pressures, were used in flame heating. The oxides were kept in the oxidizing 
part of the flame. 

A cold cathode discharge tube, connected through a long capillary to an 
oxygen tank, was used in studying the oxides under cathode-ray bombard- 
ment. The oxide, mounted in a nickel button, served as the anode, and was 
viewed through a window at the end of a long arm of the tube. With the 
window thus at some distance from the hot circle the error due to blackening 
of the tube during operation was greatly reduced. 

The oxides used, unless otherwise stated, were in as pure a state as could 
be obtained, and were either pressed as compactly as possible in a hydraulic 
press, or fused to insure a smooth surface. The samples of the fused oxides 
were prepared by melting them in an atomic hydrogen arc by C. W. Hewlett 
of the General Electric Company Laboratory in Schenectady. Due to the 
fragility of the pressed oxides, fused oxides were used when possible. 

In general, a linear relation was found between the logarithm of the 
brightness in candles per square centimeter and the logarithm of the red 
brightness temperature, and between the reciprocal of the red brightness 
temperature and the logarithm of the red-blue intensity ratio, these curves 
differing with the different oxides, and with different modes of heating for 
the same oxide. 

The accompanying table gives values of relative brightness in the blue 
part of the spectrum and the total brightness in candles per square centi- 
meter at several red ‘brightness temperatures for different oxides, this method 
of presenting the results of the investigation being chosen in order to conserve 
space. The blue brightnesses are in terms of the blue brightness of the black 
body at the melting point of palladium taken as unity. A very large number 
of observations were made in each case, covering the temperature ranges 
indicated. 
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Uranium oxide. This oxide is of particular interest, since it was used as 
a standard source of comparison in the work of Nichols and Howes, and since 
it was suggested as a substitute for ceria in the Welsbach mantle mixture 
by Ives, Kingsbury, and Karrer. The samples used were pressed, but the 
surface became rough at high temperatures because of evaporation of the 


Tasie I. Relative blue brightness, B, and brightness in candles per cm, C, of some incandescent oxides at various red (0.665) 
brightness temperatures, SR. 









































Material Sp =1400 1500 1600 1700 1800 1900 2000 
B “s B Cc B Cc B Cc B % B c B 
Black body .0061 .26 | .026 .79| .091 2.1 | %.27 5.0] .74 11.3] 1.80 23.0] 3.9 44.0 
Tungsten .0091 .26 | .038 Mi Oe 2.3 LOSI tH MAL 2.7 BO 63 HS 
Urania (gas air 
and Oxy-gas) |.0066 .36 | .028 1.02| .100 2.7 | .31°76.6| .84 15.5] 2.0 35.0] 4.5 78.0 
Ceria, Pure 019 .50 | .0105 1.41 | .299 3.7 | 1.02 9.4 
(Cat. ray) 
(Gas air) .0063* .029 
(Oxy-gas) 0090 .41 | .035 1.08] .113 2.7 32 6.3] .83 14.1] 1.90 31.0] 4.0 62.0 
Ceria, Yellow 
(Oxy-gas) .0079 36 | .032) 1.04] .109 2.8 32 7.1] .85 17.1] 2.0 40.0] 4.0 88.0 
Ceria, Brown ‘ 
(Oxy-gas) | |.0089 .44 | .033 1.15 | .107 2.9 -30 6.7] .83 15.2] 1.68 33.0] 3.5 68.0 
Oxides of Cerium 
Group (Oxy- 
22) : .0071 34 | .031 .97 | .109 2.5 34 6.3) .92 14.7] 2.3 33.0] 5.0 71.0 
eodymia 
(Oxy-gas) .0068 .44 | .032 1.17] .107 2.9 33 6.9] .92 15.3] 2.3 33.0] 5.0 64.0 
Lanthana . 
(Oxy-gas) .0082 42 .033 1.11] .113 2.8 34 6.6] (89 15.0] 2.1 33.0] 4.5 64.0 
Erbia (Oxy-gas)}.0122 .73 | .047 1.71] .157 3.8 45 8.11] 1.17 16.6] 2.7 33.0] 5.6 63.0 
yt ria, Pure 
(Oxy-gas) .0174 .43 | .067. 1.18 | .216 3.0 61 7.3] 1.56 17.2] 3.6 32.0] 7.3 63.0 
Yttria, 95% 
pure,(Oxy-gas)|.0118 .45 | .047 1.20] .157 3.0 .46 7.3]1.19 16.6] 2.8 36.0] 5.9 75.0 
Zirconia 
(Cat. ray) .37 | .035 fe) .007 0.061 33 446.81 8 11.3 
Zirconia (gas 
air) .0064 .38 .030 1.07 .096 2.9 4 88 
(Oxy-gas) .0148 .38 | 058 .73| .192 1.66] .55 3.6] 1.43 7.6] 3.3 15.3] 7.0 30.0 
Thoria(Cat.ray) .36 .89 | .275 2.3 90 6.5] 2.5 5.2 7.7 
(Gas air .0089 43 .039 1.23 | .146 3.3 8.5 
(Oxy-gas) .0182  .58 | .033 1.44] .207 3.4 56 7.5] 1.40 15.9] 3.1 32.0] 6.3 63.0 
Alumina 
(Cat. ray) 026 .80 | .23 2.1 .738 4.9 | 2.0 11.2] 5.1 23.0] 11.6 51.0 
(Gas air 038 =§=.58 | .123 1.13] .346 2.1 .86 3.8 
(Oxy-gas) .0174 =.57 | .076 1.45] .280 3.8 -87 9.4] 2.5 22.0] 6.1 49.0] 13.6 103.0 
Beryllia 
(Cat. ray) .060 .53 | .23 .98 | .738 1.73 | 2.1 3.0 | 5.3 12.1 25.0 
‘oes air) .0068 .54 | .030 1.32] .107 .33 
Oxy-gas) .0196 .61 | .086 1.62] .317 4.1 .99 9.7] 2.8 22.0] 6.9 49.0] 15.4 104.0 
Magnesia 
(Cat. ray) 071 .85 @ 22 11m. 33 hs. O2 27.0 57.0 
(Gas air 021 -191 | .089 .62] .289 1.95] .85 6.0 
(Oxy-gas) .0187 1.05 | .21 2.4 .559 5.2 | 1.31 11.0] 2.8 22.0] 5.6 43.0] 10.2 79.0 
Thoria, 1% 
Ceria(Oxy-gas)| .020 .54 | .078 1.45] .249 3.6 .70 8.6] 1.71 19.3] 4.1 43.0] 8.4 90.0 
Thoria, 1% Ur- 
ania(Oxy-gas) |.0173  .48 | .069 1.33] .231 3.4 67 8.3] 1.77 19.3] 4.1 44.0] 8.7 93.0 
Thoria, trace 
Urania (Oxy- 
as) .0131 .48 | .059 1.33] .216 3.4 68 8.3] 1.93 19.3] 4.8 44.0] 10.5 93.0 
oria, 1% 
Neodymia 
(Oxy-gas) 0117.60 | .046 1.43] .152 3.3 43 7.1] 1.14 14.7] 2.6 29.0] 5.5 56.0 
oria, 1% 
Manganese 
Oxide (Oxy- 
gas) .0083 .44 | .035 1.13] .122 2.7 .37. 6.1] 1.01 13.3 | 2.4 28.0] 5.3 56.0 
*Sr =1429°K 


oxide. This would tend to make the radiation curves approximate more 
nearly those of a “black body,” although the fact that the curves are very 
close to those of a “black body” at low temperatures indicates that the 
radiation is similar, although not identical. High infra-red emission made it 
difficult to heat in the gas-air flame, but the few observations made indicated 
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that the curves for this form of heating were identical with those obtained 
with oxy-gas flames. 

Cerium oxide. Pressed samples were used, since those fused in the atomic 
hydrogen arc were reduced, and could not be brought back to their original 
state of oxidation, as could the other oxides, by heating in an oxidizing flame 
over any reasonable length of time. The pure oxide (almost white in color) 
gave a brilliant yellow radiation, probably luminescence, when heated ina 
flame, at a temperature far below that of red incandescence. In the discharge 
tube a bright greenish-blue radiation was emitted at temperatures below 
red incandescence, a property shared with all the other oxides investigated. 

The radiation curves obtained are similar to those of urania and a “black 
body” for oxy-gas and gas-air flame heating although quite different for 
heating by cathode rays. Difficulty of heating to high temperatures by a 
gas-air flame indicated rather large infra-red emission. 

Curves were also obtained showing the effect of different amounts of 
impurities (probably praseodymium oxide) on the radiation curves. 

Lanthanum oxide. The samples were prepared by ignition of the hy- 
droxide, and the resulting powder was pressed into a flat button. They were 
particularly fragile and could not be used for successive heating, for after 
heating and subsequent cooling, they increased greatly in volume, then 
crumbled into powder. The radiation is similar to that for urania and ceria. 

Neodymium oxide. The samples were prepared by ignition of the hy- 
droxide, and were dark brown at room tentperature. This brown oxide is 
often referred to as a hydroxide, but since it remained unchanged in color 
after prolonged heating and fusion this seems unlikely. The majority of 
observations were taken on pressed samples. This oxide affords a good 
illustration of change of radiation with temperature since, just before arriving 
at red incandescence, it gives off a brilliant blue light, when heated in flames. 

Erbium oxide. Observations were made on pressed samples. This oxide 
differs appreciably in its radiation from those previously discussed, in possess- 
ing far greater values of candles per square centimeter and higher values of 
blue brightness for a given red brightness temperature. 

Yitrium oxide. Observations were made on the purest yttria obtainable 
and on yttria possessing five percent of unknown impurities. The great 
difference between the two curves obtained illustrates the enormous effect 
of a small amount of impurity and the importance of having the samples 
as pure as possible. Both samples were pressed. 

Zirconium oxide. Both fused and pressed samples were used, no difference 
between them being noted for similar modes of heating. During the course 
of the observations made with cathode-ray heating, it was found that the 
radiation curves approached those of a “black body” for high values of red 
brightness temperature due to the partial reduction by the cathode rays, and 
consequent blackening of the oxide. 

Easy loss of oxygen at high temperatures is characteristic of all the oxides 
investigated. Even when mounted in platinum, sealed into an evacuated 
bulb and heated with induced high frequency current they became blackened, 
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pronounced loss of oxygen taking place at temperatures at which the blue 
glow emitted before red incandescence was reached. This is good evidence, 
in the absence of any other, that the blue glow is luminescence, i.e., radiation 
at a given wave-length or wave-lengths in excess of that given off by a “black 
body” at the same temperature, and probably due to the energy liberated 
by this chemical dissociation or its reversal. Computations made in a few 
cases where theheat of dissociation is known showed that this should account 
directly for light in the ultra-violet part of the spectrum, and that the blue 
glow is very likely a fluorescence or phosphorescence phenomenon. It is, how- 
ever, possible that the dissociation process responsible for the glow is only part 
of that for which computations were carried out, since many of the substances 
possess stable suboxides, and there are indications of many unstable forms 
of suboxidation for which the heats of dissociation are unknown. 

Thorium oxide. Both fused and pressed samples were observed. Cathode 
rays tended to reduce this oxide, as in the case of zirconia. This oxide is of 
particular interest since it forms the basis of mixtures discussed later. 

Aluminum oxide. This and the following oxides are notable for their 
extraordinarily large blue brightness at the red brightness temperature at 
which these oxides were studied. Both fused and pressed samples of alumina 
were used. A bluish-white light was emitted at very low temperatures under 
flame heating. Ease of heating to incandescence in flames indicates very 
low infra-red emission. 

Beryllium oxide. Both fused and pressed samples were used. As in the 
case of alumina, the light given off at low temperatures with flame heating 
is bluish-white. Difficulty of heating in gas-air flames indicates large infra- 
red emission. At the highest temperatures reached by oxy-gas flame heating, 
boiling of the oxide was observed. At the lowest temperatures observed with 
gas-air heating the precision was very low. Consistent observations could be 
made while the temperature was maintained constant, but upon changing 
the temperature, then returning to the first temperature the observations 
gave different results from the first. The data given represents the mean of 
all the observations taken. No consistent variation with the history of the 
sample was noted, but it is possible that this is a luminescence phenomenon 
and is dependent upon its oxidation. 

Magnesium oxide. Both fused and pressed samples were used. A bluish- 
white light was emitted at low temperatures of flame heating as in the case 
of beryllia, and, even more pronounced than in the case of beryllia, the 
precision of measurement under gas-air heating and also cathode-ray bom- 
bardment was very low, although consistent readings could be taken when 
the sample was maintained at constant temperature. Variations as large as 
10 percent in the blue brightness were observed upon returning to a given 
red brightness temperature, although the curves for the variation of candles/ 
sq. cm with the red brightness temperature were fairly consistent. 

Thoria-ceria mixture. A 1 percent ceria-99 percent thoria (by weight) 
mixture was prepared by forming a mixed solution of the salts, evaporating 
to dryness and heating to form the oxides. The percentage was determined, 
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as in the following mixtures, by weighing the oxide formed from a known 
volume of each solution before mixing. This process was used in forming all 
the mixtures observed. The formation of thoria in this manner is accom- 
panied by a great increase in volume, resulting in a spongy tenacious struc- 
ture. This is the method used in the formation of Welsbach gas mantles, 
the percentage used here being the “Welsbach Mixture.” 

The samples used for this and the following mixtures were pressed,since 
the surface when formed as in the mantle is very irregular. It was found 
that the radiation curves for the mixture did not lie, as one might suppose, 
between those of ceria and thoria, but show much greater values of candles 
per square centimeter and, proportionally, much more blue light for a given 
red brightness temperature than thoria alone. This is in accordance with 
the results of previous observers. The chief theories brought to account 
for this have been: 

(1) That this mixture represents a chemical compound or stable solution 
having individual radiation characteristics. 

(2) That ceria acts as a “catalytic agent” in oscillatory oxidation 
processes resulting in increased luminescence, and 

(3) (Perhaps the most commonly held theory) That ceria is a good 
selective radiator, but because of its good radiation is unable, by itself,to 
reach a high temperature in a flame, whereas thoria is a poor, non-selective 
radiator; able, on account of its poor radiation, to reach a very high tem- 
perature, the mixture owes its effectiveness to the fact that the poor radiation 
of thoria enables the ceria to reach a high temperature where it emits light 
largely in the visible spectrum. 

Without knowledge of the true temperatures, very little can be said about 
the cause for the difference in radiation. It may be observed here, however, 
than thoria is a much more “selective” radiator than ceria in the visible 
region of the spectrum. Relative case of heating with flames indicated that 
it had much lower infra-red emission. The facts that the blue glow at low 
temperatures is accompanied by pronounced loss of oxygen, and that, of all 
the oxides investigated, ceria showed the greatest tendency toward reduc- 
tion, give weight to the second theory. 

Thoria-urania mixtures. Since urania, like ceria, has radiation curves 
approximating those of a “black body,” a one percent (by weight) mixture 
with thoria was similarly observed, as well as one having a much lower 
percentage of urania. When heating uranium nitride in a crucible to form the 
oxide, it was found that the urania penetrated into the porcelain, coloring 
it olive-green. Subsequent heating of thorium nitrate in the same crucible 
removed the stain, the urania being dissolved in the thoria. Before complete 
oxidation the uranium oxide is a deep reddish-orange color. The one percent 
solution was a rather bright orange, while the last solution was a very light 
orange, therefore the “trace” of urania was estimated as being less than 0.1 
percent, by weight, of the mixture. 

It may be noted that these mixtures behave, in general, like the thoria- 
ceria mixture. Since the evaporation of urania, when heated alone, is rather 
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large and results in a slightly roughened surface, it is possible that the radia- 
tion curves for both urania and its mixtures as given here are nearer to those 
of a “black body” than they should be to typify their characteristic radia- 
tions. 

Thoria-neodymia mixture. It was thought that mixtures of thoria and 
neodymia would resemble those of thoria with urania and ceria, since the 
radiation curves of urania, ceria, and neodymia are similar. This was not 
found to be the case with the mixture observed. 

Thoria-manganese oxide. Mixtures of thoria with manganese oxide were 
suggested in the paper of Ives, Kingsbury, and Karrer as being of the type 
of the “Welsbach Mixture.” In the present work it was found impossible 
to determine the radiation curves of the oxide alone, since it melted at a 
rather low temperature. The mixture, initially colored dark brown, whitened 
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Fig. 1. Microphotograph I. Surface of tungsten filament céntaining 15% zirconia, after 
heating to brightness temperature of 1800°. 750. Microphotograph II. Surface of tungsten 
filament containing 15% zirconia, after heating to brightness temperature of 2500°. 750. 
Microphotograph III. Surface of tungsten filament after prolonged heating at high tempera- 
tures 750 X. 


upon heating, so that the radiation curves here given are most probably those 
for slightly roughened thoria. That they lie between those for thoria and for 
a “black body” tends to confirm this idea, and shows the importance of 
having as smooth a surface as possible when making observations of this 
type. 

A very good illustration of the importance of surface conditions in study- 
ing characteristic radiations of any kind was given by a preliminary experi- 
ment to those discussed above. Thinking that zirconia, reputed to radiate 
selectively for the most part in the visible region, but very difficult to use 
practically, might furnish a good form of illumination when combined with 
tungsten, lamp filaments were made of powdered tungsten mixed with 
zirconia, then squirted and sintered. Observations were made on those, but 














RADIATION FROM INCANDESCENT OXIDES 839 


the precision was not satisfactory because of the roughness of the surface. 
After polishing, the precision was the same as that obtained for good tungsten 
filaments at low temperatures, the radiation characteristics being very 
slightly better. At brightness temperatures of about 1800° a decrease in 
precision was noted which became progressively greater with increasing 
temperature, the radiation curve more nearly approximating that of a “black 
body.” Microphotographic inspection revealed that the surface had become 
pitted as a result of the evaporation of the zirconia (most probably reduced 
to zirconium on heating). 

The amount of roughening is shown in the accompanying microphoto- 
graphs. After polishing, the surface appeared perfectly smooth at 1500x, 
and highly reflective to the naked eye. After heating to about 1800° bright- 
ness temperature it still appeared highly reflective, but under the microscope 
revealed small pits at the boundaries of the crystallites of tungsten, as shown 
in Microphotograph I. After further heating, the surface looked dull, 
although smooth, to the naked eye, but under the microscope presented 
the very roughened appearance shown in Microphotograph II. Prolonged 
heating of tungsten filaments resulted in no appreciable loss of precision. 
The only roughening experienced in this case is that of “heat etching” due 
to the differential evaporation along different crystalline planes, shown in 
Microphotograph III. 

The author wishes to express her appreciation to the staff of the Research 
Laboratory at Nela Park for their interest and assistance in the present work, 
and especially to Dr. W. E. Forsythe, who suggested the problem, and under 
whose direction the work was carried out. 
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BOOK REVIEWS 


Physik der Gasentladungen. RupOLPH SEELIGER. Pp. 423, 5 tables, 184 figs. Johann 
Ambrosius Barth, Leipzig, 1927. Price 24 R. M. bound, 22 R. M. unbound. 

This admirably written book is a comprehensive and well organized review of the subject 
of electrical discharge in gases in the light of the most recent developments in theory and 
experimental technique, with particular reference to the corona, spark, glow and arc types of 
discharge. The author is perhaps the leading student and critic in this field and the researches 
of himself and his students, directed at strategic problems, are responsible for some of the most 
valuable parts of the book. At the same time the discussion of recent researches by other in- 
vestigators is very fair. Altogether the book gives a unified view of the present state of knowl- 
edge in this field, together with a keen analysis of outstanding difficulties in the theories. 

Chapters 1, 2 and 3 deal with fundamental concepts: “The Conductivity of Gases,” “The 
Theory of Ions” and “The Kinetics of Charge-Carriers.” Here are discussed current limitation 
by space charge, free paths, critical potentials, probabilities of excitation and ionization, 
collisions of the second kind, thermal and impact ionization, secondary emission, the theory and 
use of exploring electrodes, etc. Chapter 4 deals with characteristics common to all self-main- 
taining discharges, the differentiation between different types, phenomena of striking, stability 
static and dynamical characteristics, etc. Chapters 5 and 6 deal with the phenomena and the 
theory of the “Townsend” discharge (in which there is exponential increase of ionization by 
electron impact, but no space charge sheath at the cathode). Influence of electrode form, 
nature of gas and corona loss are discussed and Townsend's theory is extended to take approxi- 
mate account of distortion of the field by space charge. Chapters 7 and 8 deal descriptively with 
the glow discharge and the arc, respectively. Chapter 9 deals with the theories of discharge 
types and is probably the most interesting chapter in the book. Particular emphasis is given to 
the role of space charge. Theories of Guntherschulze, Holm, Schottky, Compton, Langmuir 
and others are critically discussed. 

The book is attractively printed, the illustrations are excellent and the whole work gives 
the impression of thoroughness, carefulness and good judgment. References and notes are 
assembled in the rear of the book. There is no attempt to give a complete bibliography,—a lack 
which is not serious in view of the recent excellent bibliographies on this subject in Vol. 14 of 
the new Geiger and Scheel Handbuch der Physik. 

K. T. Compton 





